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PREFACE 


)  bu  been   made   in  this  volume  to  give  sut 

r  MOOont  i>f  like  pn>tient  Htate  of  the  science  ol 

mj.      Tii«  aim  haH  been  to  present  tlie  Hubject  no 

wt  it  kIwII  lie  enitily  coiuprvlieudeil  by  the  studeat  witbuut 

■tbeoiAtical  or  ext«ii»ive  scientific  training,  and  so   that 

B  may  obtoiii  front  it  uot  only  Home  knowledge  of  acientifiu 

«ctiieven)vnt«.  but  also  Homething  of  the  itjiirit   which   in- 

ajMD^i  tcientifio  work.     Numerous  brief  historicHl  refereucea 

Frc  been  iiitriMluced  to  tihow  by  what  ate|Mi  the  marvelooa 
mil*  (if  astronomical  inveatigations  liave  been  rt-aehed. 
The  value  of  the  "laboratory  method"  in  soieHL-e  in  uni- 
Tvnally  n.-€«)gtiized.  Tlie  intimate  knowledge  whieh  it  re- 
quirea  gives  a  subject  a  reality  that  can  bo  <>btaine<l  in  no 
other  way,  and  it  ia  the  method  whiuh  often  flcvelofM  in  tliw 
tit  a  deep  love  for  nnture.  Kvery  one  who  U  familiar 
I  pUm-ts  luid  brighter  stars  looks  with  delight  up 
I  clear  evening  sky.  To  secure  for  the  student  the 
jflvmntAge  and  pleasure  of  thifi  first-hand  knowledge,  a 
Mpter  oa  the  constellations  has  been  introduced  almoat 
I  beginning.  Numerous  suggeatiuns  and  ex^rciMiM  for 
1  observations,  iMUh  with  and  without  a  tele»<^>)>e, 
I  given.  It  is  intended  thai  the  student  hUaII 
y  aoqaire  an  ac(iuuintam-«  with  the  henveiw  very 
fin  bia  »tuily  uf  tli«  subjtKt,  and  (hut  he  ahull  keep  up 
I  nntil  it  is  finiidied :  il  is  even  hii]Hil  tliat, 
lever  bis  aubevquent  iuterrata  may  Im%  u  cloudlcn  sky 
r  fully  luse  its  cbarm  tor  hint. 


Ti  PREFACE 

One  of  the  chief  r«t5»>Eis  w>  v  ii>e  -  li":i:-niv:«rr  saeihod  *"  is 

valnable  u  that  it  Kv^oin^  ;Le  Ai-:^i£Tr  ni^riiQie  ctf  ibe  mind 
nther  tLftc  the  passive.  Fo'^n^miuelv.  iii<.  rzreiiUL:  auitade 
«  not  net^essarilT  limited  t»>  tLcfse  i^itiviidr*  in  vhich  ob- 
*Trv*itL«>aaI  or  experiment^  diii  ir^e-  tieing  Kcad-  The 
mind  Ls  quite  as  active  in  se^kir^  ^--i  liir  relaiij^is  among 
bLt:ti  and  in  deri^-inij  sener^I  i^.r^c-'ries  frc^m  ibrm-  Conse- 
qnently.  in  exp«>un*ling  tLe  vi>;  slass  of  ziiaierial  which  the 
student  ci>uld  not  verifv  if  he  si: uld  deT^»:e  Lis  vhole  life 
to  tetr>n«>my,  yet  which  is  neoesssary  for  his  UDdeisianding 
of  thr  subjet^t,  the  delil^eraie  pLii:  has  l«eeii  to  explain  the 
fa^.-t.'*  of  orjis^rvation  in  c«.'nne^i:'*n  with  the  thc^^ries  which 
a**ro::03ir:r*  l^Lave  built  uj^*>n  them.  Fv-r  example*  in  the 
crxat^ter  on  thir  motions  ♦>!  the  earth,  the  various  facts  which 
prov.^  ::.r  h'rlic-.entrle  the«.Tv  are  given  sequentially,  while 
in  a  csit-il vzu-::  of  astD»nom:eal  data,  arrange  ace>:*rding  to 
thf:  K*<rtr.o«i*  of  aijkin;?  ote^rrvationsw  ihev  would  W  widelv 
*^;>s4r-4'e.l.  The  danger  oi  overestimating  the  value  of 
I :.*?■:->-  l^  iv>:de«i  hy  iLe  namer^.^us  examples  when?  they 
hav^  \^,kz.  irxind^ned  or  mcJided  as  a  rv?>ult  of  new  obser- 
rational  'lata,  or  of  <i  more  oritical  analvsis  of  the  old. 

Fifiallv.  th-e  aim  Las  l»ee:i  to  srive  the  sradent  a  well- 
\M\MJztzf\  cor^cejytiori  of  the  astrt»nvmy  of  the  present  day. 
It  1*  d*r-Ired  t:-at  ::  shtill  bceorae  an  apprevialOe  p^art  of  his 
m*:fi*va'.  \,'.':\-^^xk  '.:  :h-  ^enrnil  uiiiverse.  which  stron^rlv  colors 
a!!  h:-  o:,i:-^>ri>  ev^n  th'Uh  he  is  no:  aware  of  the  fact. 
Wh*::.  ^-..'.-I'J^nird  ::.  rrrl-st:  :i  to  its  influence  uivn  the  gen- 
Tril  i;jV:lI'r:*.  i;sl  I'.orizo.i.  ti-^tronomv  has  cLiims  which  are 
^^/■/,xA  \*j  i'l.^/^K  'A  :;  /  •.••.h-:r  -.'■rLict::  and  plain  duty  demands 
thv.  »n  'i  ^ •.!.:.!:. :r  '■.'y.r^.'i  of  study  these  claims  shall  not  l>e 

T.V:  a  ithor  'iTJiire^  to  'rXT^rr^-i  his  aj»preciation  of  :iiv  illus- 
irativ^  rnat^nal  v/  (f^rn'rr-iU.-Iy  i(irnishe«L  {particularly  i»y  the 
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Lick  and  Yerkes  observatories.      Professor  G.  W.  Myers 

has  offered  many  valuable  criticisms  and  suggestions  on  a 

large  part  of  the  manuscript,  and  Messrs.  W.  I).  McMillan 

and  E.  J.  Moulton  have  been  of  great  assistance  in  reading . 

the   proofs.      The   author   desires   to   express   his   sincere 

thanks  for  this  efficient  assistance. 
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I'RKLISIIX.MtV   (HTLINE 

PreUminuy  Outline.  — Thi'  grentest  l^eiicflt 
isUerivv^l  fnmi  tlic  otudy  of  t\iv  tleUula  of  u  Hcivncc  wlicii 
tlw  relKtiooH  wliii-li  thoy  huvn  to  thi-  subject  tut  a  whole  nro 
knoirn.  It  u  aln-ayn  (ouwl  thiit  tliu  cliiof  liifliculty  in  gvi- 
tiDg  K  thorough  undonitanding  of  a  scivntitic  Hubjoct  oon- 
■Uts  in  ohlAiaing  a  satbifactory  appreciation  of  the  beariiigM 
of  iaoliUed  factjt  iipoti  the  gfneral  thvorieit  to  which  llicy  are 
r«Ut«<l.  Afl^fr  Ihe  wholw  science  has  U'eii  gone  over,  a 
n-vi«iw  given  a  gnod  opimrtuiiity  for  liringliig  out  the  essential 
intemlations,  nnd  this  w  one  of  the  main  rvaHontt  why  a  final 
rrcapitoUtion  of  tmporttuit  ilata  and  fundanii-ntol  priuciiitea 
U  ufteatitnuM  so  valuatile.  But  the  narne  cmU  may  be  attained 
Ut  m  oiinaiderable  extent  from  a  preliiuinury  outline  of  the 
of  the  seienvir  in  i)ueHtioii,  tlic  methods  of  invesliguUnn 
ipluyed  in  it,  tiie  reflultx  of  the  observations  and  experiments 
icli  have  beeu  made,  and  the  theoricti  which  flow  f nim  tliem. 
T  ihb  mason  a  very  brief  dtHcuiuiion  of  the  scientilio  method 
aod  an  outline  of  the  science  of  astronomy  will  be  given  at 
oooe. 

I.  Aftnoooiy  u  a  Sdcace.  —  Atitninoniy  is  the  science 

which  treats  of  ihe  jMMilioiui.  motions,  shaiws,  sill's,  mame«, 

lihyneal    oonditions.   and    evolutions   of   alt    the    heavenly 

It  is  a  teifnee,  for  the  facta  which  liavu  been  acquired 

I  nfanrvatioDs  and  experiments  are  claauGed  un  ibo  baua  «( 

m  I 
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their  essential  relations  to  each  other  and  to  the  facts  and 
principles  of  other  sciences.  It  is  this  which  makes  the 
subject  valuable. 

The  fact  that  astronomy  is  a  science  implies  that  there  are 
astronomical  theories,  or  doctrines^  giving  unity  to  the  great 
variety  of  data  upon  which  they  depend.  It  is  found  upon 
reflection  that,  although  theories  must  be  based  upon  the 
facts  obtained  by  observation,  they  are  not  less  important 
and  interesting  than  the  facts  themselves.  Indeed,  facts  of 
observation  attain  their  full  importance  and  interest  only 
when  their  bearings  upon  the  theories  are  understood.  Thus, 
some  things  will  be  discussed  which  would  be  trivial  and  out 
of  place  if  they  were  not  of  assistance  in  proving  some  of  the 
most  fundamental  and  far-reaching  theories  in  astronomy. 
Consequently,  since  astronomy  is  a  science,  it  is  not  sufficient 
to  regard  it  as  a  catalogue  of  facts.  The  significance  of  the 
facts  must  be  given  a  prominent  place.  When  considered 
in  til  is  way  they  possess  the  highest  interest  and  are  easily 
retained. 

Notwithstanding  the  importance  and  necessity  of  consider- 
ing data  in  connection  witli  the  general  principles  and  theories 
to  which  they  are  related,  there  is  a  danger  which  always 
threatens.  It  is  that  a  theory  may  become  a  hobby,  and  that 
it  may  induce  a  false  interpretation  of  facts.  The  scientist 
must  be  absolutely  honest  in  his  work,  and  he  must  use  every 
means  to  keep  himself  from  being  prejudiced.  A  very 
effective  way  of  guarding  against  prejudices  is  to  consider 
alternative  hypotlieses  simultaneously.  This  method  of 
always  keeping  in  mind  various  possibilities  undoubtedly 
has  been  followed  more  or  less  consciously  by  all  the  great 
discoverers. 

3.  Inductive  and  Deductive  Methods  of  Investigation.  — 
Methods  of  scientific  investigation  are  of  two  kinds,  the 
inductive  and  the  deductive.  The  inductive  method  consists 
in  drawing  somewhat  general  conclusions  from  a  large  num- 
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^■u- of  sopanitu  facts  ealAlilbbed  by  obHervntion  or«x])eriment. 
^^Pbr  i'XBU)plf>,  it  n-Hfl  fouiiil  by  ex[>«riiueDt  Hoiiiethitij^  ovvr  n 
^^entury  sgo  that  when  two  elemeiiUt  uiiitv  t'licmically,  they 
iDvambly  unit«  in  (Icfiriite  pro]iortioiu.  It  was  iiifcrriHl 
frttm  till*,  M  nil  itiilnction,  ihut  the  ek'nionta  arv  compneed  of 
ultimiite  KinuU  ]Mrticle)i.  cnlloti  atama,  which  are  not  divided 
by  cbemicftl  procfssea ;  that  two  kinds  of  atoniH  unit«  with 
each  other  in  a  perfectly  definit«  way;  and  thwti  therefore, 
any  two  elements  will  alteai/a  unite  in  a  {wrfectly  delinits 
proportion  which  nec<l  be  determined  but  once.  Thisindne- 
Uoo  h*»  ]>laytKl  an  Jai[K>rtAnt  rulu  in  the  Hplendid  arhicve- 
ments  in  the  science  uf  ehcmistry. 

Tbcrs  is  an  obvious  channu   for  prror  in  the  method  of 

dootion,  because  the  concluaianH  reached  are  broader  than 

I  data  upon  which  tliey  are   baaed.      TIiuh,  it  liajt   1)e«n 

[od  rvceiitly   tliat  atoms   are    highly  foiuplicated   bodies 

I  of  being  ultimate  small  partideH.  and  that  tht-yare 

rvtnble  undvr  proper  conditions.     And  tliv re  is  a  lung  array 

[  selentific  theories  which  new  facts.  furnishe4l  by  observa- 

,  have  shon-n  to  be  [HirtiBlly  incorrect  or  imperfect  in- 

This  does  not  mean  that  the  inductive   method 

Mild   be   abandoned.      The   method  im  on   the  contrary, 

olntely  essential  for  the  development   of   science.     The 

Biot  ti)  be  at-qiiired  here   is   tliul    tlif   method    of   indue- 

I  has  ■  pnxeible  weakness,  and  thai  the  re:iults  obtained 

it   should    be   conlinnally    tested    by    observations   and 


«  netliod  consists  in  deriving  particular  resulta 

I  ftum  general  principles  which  are  known,  or 

^-to  be  corrtM.'t.     If  the  logical  procexMs  agree 

i'flM  rdatiotu  in  the  physical  world,  tbu  only  uhatice 

I  error  ties  in  tfa«  fondunental  assuinptiMia  or  pretniaea. 

bis  is  a  very  real  and  dangerous  source  of  error,  for 

t  ia  ao  liable  to  be  overlooked,  particularly  if  the  rewmaing 

terms.     Tbo  deducting 
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mathematical  part  is  seldom  open  to  question,  but  this  in  no 
way  insures  the  correctness  of  the  premises  (inductions) 
upon  which  it  is  based.  The  only  safe  method  is  to  com- 
pare carefully  and  unceasingly  the  results  of  deduction  with 
actual  phenomena.  Their  agreement  verifies  and  increases 
confidence  in  the  general  principles  from  which  they  were 
deduced;  their  disagreement  often  effectively  and  quickly 
discloses  errors. 

4.  The  Steps  of  Scientific  Inquiry.  —  Astronomy,  as  well 
as  every  other  natural  science,  is  partly  inductive  and  partly 
deductive.  In  its  very  beginning  it  consisted  of  the  non- 
correlated  facts  of  common  observation.  Then  followed  a 
period  of  inductions  in  which  many  of  the  conclusions  were 
incorrect.  After  a  considerable  body  of  inductions  had  been 
made,  it  became  partly  deductive  and  mathematical.  The 
most  important  basis  of  deduction  has  been  the  Newtonian 
law  of  gravitation.  In  the  hands  of  mathematicians  it  has 
been  an  instrument  for  making  investigations  of  the  most 
far-reaching  character;  the  results  obtained  from  it  have 
very  often  directed  andp  anticipated  observations,  and  their 
subsequent  verification  hiis  established  its  correctness  with  a 
certainty  that  is  not  equaled  in  the  case  of  any  other  prin- 
ciple. For  example,  without  going  beyond  the  walls  of 
his  stud}^  Newton  proved  from  the  laws  of  motion  and  the 
law  of  gravitation  that  the  earth  is  bulged  at  the  equator. 
It  was  sixty  yeai-s  before  this  fact  was  verified  by  the  actual 
observations,  which  cost  journeys  of  thousands  of  miles  and 
several  years  of  time  (Arts.  95  and  96). 

The  steps  of  scientific  inquiry  are,  therefore,  observations 
and  experiments,  inductions,  deductions,  and  verification  of 
deductions  by  more  observations  and  experiments.  As  a 
science  is  developed  the  deductive  work  relatively  increases, 
but  never  becomes  sufficient  alone.  Among  the  natural 
sciences  astronomy  is  preeminently  deductive ;  this  is  due 
partly  to  its  relatively  great  age  and  partly  to  its  nature. 


(  I 
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6.  Descriptive  Astronomy.  —  As  the  name  implies,  descrip- 
tive astronomy  consists  of  a  popular  statement  of  the  methods, 
facts,  and  theories  of  the  whole  science.  It  is  that  which  is 
given  in  elementary  astronomical  text-books,  and  is  gener- 
ally all  that  is  acquired  by  those  who  are  not  professional 
astronomers.  It  is  also  developed  somewhat  less  systemati- 
cally by  public  lectures,  magazine  articles,  and  journals  of 
poi)ular  astronomy.  It  is  worthy  of  the  warmest  support, 
for  it  hiys  open  to  the  cultured  public  a  broad  field  of  ideas 
in  which  many  minds  find  the  rarest  delights.  It  is  charac- 
teristic of  modern  life  that  its  intellectual  treasures  are  scat- 
tered as  widely  as  possible,  instead  of  being  hoarded  by  the 
few  as  was  done  in  antiquity. 

7.  Practical  Astronomy.  —  Practical  astronomy  treats  of 
the  adjust uitMit  Jiiid  manipulation  of  astronomical  instru- 
ments, tlie  methods  of  observation,  and  the  processes  by 
which  tlie  facts  are  obtained  from  them.  It  is  composed 
of  several  quite  distinct  parts,  depending  upon  tlie  purposes 
for  which  the  observations  are  made.  Tlie  principal  ones 
are:  (1)  the  determination  of  the  positions  of  the  stars; 
(2)  the  measurement  of  the  dimensions  and  the  study  of 
the  markings  of  the  moon,  snn,  and  planets;  (3)  the  search 
for  comets  and  nebulas  ;  (4)  the  search  for  and  measurement 
of  double  stars;  (5)  the  measurement  of  the  brightness  of 
stars,  particularly  those  which  are  variable;  and  (6)  photo- 
graj)hie  work. 

(1)  The  (leteniiination  of  the  positions  of  the  heavenly 
bodies  is  a  work  of  the  highest  importance.  To  show  that 
this  is  so  it  is  only  necessary  to  point  out  that  it  is  from 
ol)servations  of  the  positirms  of  the  heavenly  bodies  that 
their  motions  are  found,  and  that  it  is  from  their  motions 
that  their  masses,  the  law  of  gravitaticm,  and  much  of  the 
philosophy  of  astronomy  are  derived. 

The  stars  are  the  basis  of  reference  of  position,  and  it  was 
supposed  in  ancient  times  that  tlu?y  were  absolutely  fixed 


FKKLISIIXAHY  OVTLI.\S 

\i  respect  to  each  other.    In  the  yenr  134  B.C.  n  liright 
vveu  in  th«  (Uytim<>,  siKldttnly  npiK'tirKd  whvra 
vutUMly  hud  hoeti  ktinwii,  iind  this  dlioiulKtisd  the  iwtroi 
llipp*rchua  (alxnit   180-11(1  D.c),  to  inakv  u  caU- 
I  of  idl  tho  8tHrs  he  couUI  easily  see.  1080  in  numtier. 
■  invention  of  the  teloseopo  the  poasihilitioH  iu  tliiit 
D  enormouitly  increiuted.     Tlit  inslnimeiu  which 
k  almost  nniviTxally  iweil  i»  n  8mnll  tflexcotw  ileli- 
nntvd  BO  Dfl  to  turn  in  thtt  jiWne  of  tliu  meridian. 
I  ohservaliona  una  cxcewtivuly  Inhurioiu  and  untircly  de- 
\  of  anytliiag  liorderinj;  oo  the  sensalioQal.     The  moxt 
!  pieee  of  work  carried  out  by  h  single  oltwrver  is 
^Uuder'H   catalogue   of   8^-l.]9H  Htam    in    the   northern 
i*)>bere.     AUtut  tift«en  yean  mgtt  a  plan  wiw  developed 
f  inttfrnalioniil  0(M>])erution  for  obtaining  a  more  exhaustive 
~  lUo|{ae  of  the  whole  sky  by  phologmphic  proceaoeA. 
~  p  theory  of  making  and  reducing  olwervulioua  wmt  revo- 
iscd  hy  the  great  ricrnmn  aMtninomer  ile^Mel    (178-4- 
>.  who  IB  known   as   the    father   of   miHleni   pnu.-tii'al 
xiDony. 

The  Ktndy  of  the  moon,  sun.  and  planetJi  hoM  l>een 
I  on  with  Urge  t«descup(rs,  which  are  mounted  im>  that 
ly  be  n-Ailily  [Mjintcd  to  any  iiart  of  the  Hky-     Hy 
I  nrarly  all  that  ia  known  about  tlus  moon  and  the 
I  }u»  been  discovered.      In  the  case  of  the  sun  the 
Mpe  haa  Iwen  of  relatively  greater  value. 
D  the  search  for  conteto  »  coiupuratively  Hmall  telo- 
,  with  low  magnifying  power,  mounted  »o  tliai  it  may 
b  pointetl  at  any  part  of  the  sky,  Li  uaed.     Ah  only  four  or 
(  atr  diacorered  yearly,  the  amount  of  lalwr  thai 
f  be  esiiended  wiUiout  renullit  in  easily  imagiueil. 

The  search  for,  and  nieHHurenii-nt  nf.  duuble  otan  i* 

nl*  with  •  Urge  tolew-o|»ii  and  high  magnifying  [Miirer.    A 

givot  amount  i>f  tine  )uw  been  spent  iu  thitt  work,  and  rvsull 
of  macb  ioterest  liave  been  obuioed.     For  example,  the 


M 


r)u.3.-««a«Cl<nHliN 


m  on  ba  (letvnniiircl,  mml  tnum  tlu)  studjr  of  them  it  has 
.  found  that  the  Min  U  ffreallj  «irpu»ed  in  aize  aad 
lor  bjr  Biiinv  of  llic  utlier  Man. 
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or  pAo-  ' 


(5)  The  ineasiireineut  of  the  brightness  of  stars,  or  pho- 
totnetric  work,  has  received  relatively  little  attention  from 
astronomers,  but  it  is  rapidly  iniireasing  in  impoitance, 
Among  the  problems  which  He  in  this  province  are  the  in. 
teipretations  of  the  strange  phenomena  of  the  various  tyjies 
of  variable  stars.  The  results  already  obtained  show,  for 
example,  that  there 
are  many  cases  in 
which  a  dark  suu  and 
iv  bright  sun  revolve 
iiround  their  center 
of  gravity. 

(fi)  Astronomical 
]  ihntographic  work 
nil  any  considerable 
suale  is  very  recent. 
Star  prints  were  se- 
cuilmI  at  the  Harvard 
(.'iillege  Observatory 
ill  IHijI).  and  Dj-apep 
iilitained  a  most  ex- 
cellent picture  of  the 
moon  in  1863;  bat 
it  is  only  since  the 
advent  of  the  dry- 
plate  processes,  in  the 
Pio.3.-ThoMoon   AK.^id,i(ii,r.  Ph.,t.,<,ruph.a    seventies,  that  ftstro- 

al  the  Lick  Ohifn'atory.  ■      i      ,      ,  t 

nomieal  photograpl^ 
has  made  its  rapid  advances.  Its  uses  are  very  numerous, 
and  for  some  purposes  it  has  superseded  the  eye.  It  lutB 
made  pos.*ibIe  many  of  the  more  delicate  spectroscopic  iar 
vestigations.  Likewise  it  is  particularly  valuable  whwe 
the  object  to  be  observed  is  of  large  apparent  angular  dimeB- 
sions  or  faint.  By  the  cumulative  effects  of  long  expo- 
.  light  which  is   so  feeble    that   it  leaves   no  sensiblo 


I  on  tlie  retitis  of  the  tye  will  wriw  the  image 
of  it«  aoarce  on  the  photographic  pUtv.  Objccto  in  these 
el—WCT  an  f.-iint  comets,  faint  uebulaB.  and  faint  stars.  I'ho- 
togivphjr  ahowB,  by  counting  the  number  of  Alant  nhtAine<l 
in  Mknple  regions,  thwt  there  Are  probiibly  motv  timn  ujib 
bunclml  millions  of  thutu  biKlies. 

PhoUigraphy  is  hIho  vt-ry  useful  in  ublaining  [tcrmanent 
nronls,  all  on  thv  same  scale,  nf  objecta  which  can  be  equally 
well  viewed  directly.  Pictures  of  the  moon  fall  in  this  claas. 
L'p  Ut  th«  pre^nt  time  it  fails  in  »howing  tine  markingH  on 
Ute  plaoeta,  in  the  mvHHurvnicnt  of  oliise  double  utart,  and  iji 
grucral  where  high  magnifying  powers  am  rv()uired. 

8.  Thesretkal  Astronoray.  —  Theoretical  iistronomy  trenta 
of  the  cumputations  uf  orbita  from  a  suf1icit^nt  numbor  of 
obaerratioiis,  the  computation  of  nppiirt'nt  iKMitioiw,  trr  rjtht- 
mrritira.  of  IxkIios  who»c  orbits  aru  known,  thi;  corn*ctions  iif 
approximat«  orbita,  and  the  computation  uf  the  effecU  of 
diatarliing  forces.  ( 'onaidemble  matiieuinlics  is  tnvolvod  In 
tilts  division  of  tite  science,  but  more  stress  is  laid  upon  the 
methods  and  results  of  computnlion.  Much  of  tlw  work  is 
very  t«dioua,  and  tt  is  largely  carried  out  under  the  direction 
of  the  govemraenta  of  the  prominent  countriea,  which  pnblish 
annoal  ^ihemerides  of  the  moon,  sun,  ptaueta,  and  the  phe- 
nomena of  eolipaMt,  eli-.* 

8.  CclcstUl  lC«cluuilca.  —  Whm  a  science  reaches  sncb  a 
high  stale  of  drvt-lopmcnt  that  lliv  laws  connecting  ita  phe- 
nomena are  known,  it  IsH-omen  more  largely  deductive. 
Wben  tbeSB  biwa  and  all  the  pbemmicna  at  uue  e[>ocb  are 
konvn,  ■  knowledge  of  the  phenomena  nf  any  [wuit  or  futuR 
iiiue-ean  be  obt«iite<l,  provided  sufticiently  powerful  dnluu- 
live  proeesses  an  avaitalile.  For  example,  if  tlte  jKisitioa 
and  velocity  of  «  falling  body  at  a  certain  instant  are  givvo. 

Itwiy  idNol  sbaakl  ban  tlM  eBrmt  copy  of  Um  "  AnMfkan  KfiWwris 
Vaailnl  Alnwae,"  «Ucli  can  bs  oMalasd  Inai  WsAlsgtoa  tat  tmm 


12 


ISTltODVCTION    TO  ASTHOXOMi' 


it  is  possible  to  determine  its  position  and  velocity  at  any 
time  before  it  strikes  some  obstacle,  for  the  laws  of  its  motion 
are  simple  and  the  necessary  data  are  known.^  But,  un  the 
other  hand,  if  the  seed  of  an  entirely  strange  plant  were 
given,  it  would  not  be  possible  to  tell  the  color  of  the  Sower 
it  would  produce,  for  tlie  laws  of  its  development  would 
be  largely  unknown, 
and  the  necessary 
diita  could  not  be  de- 
(eniiiiied  ;  and  even 
if  the  laws  and  the 
diita  were  known, 
tJie  necessary  dedac- 
tive  processes  for 
deriving  the  conse- 
([uences  which  fol- 
low from  them  would 
be  lacking.  ^ 

More  than  two 
centuriea  ago  New- 
tun  formulated  the 
laws  which  describe 
(lie  way  in  which 
■AY  material  bodiea 
move.  On  the  basis 
of  tJtese  laws 
proved  that  the  son, 

" itiDoii.   and   planets 

interact  on  each- other  according  to  the  law  of  gravitation. 
Wlien  the  posilioits,  velocities,  masses,  shapes,  and  dimsa- 
sions  of  these  bodies  are  known  at  any  e[ioch,  the  deter- 
miiHitiun  of  their  positions,  velocities,  and  shapes  at  any 
other  time  is  simply  a  question  of  mathematics.  Such  pn)|ft> 
lema  as  these  constitute  the  tield  of  cAeitial  mechanics.  I^ 
development  started  with  \ewtiin,  and  it  has  been  cultivatittiS( 
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^Britli  incr«««tiig  wnl  up  tu  the  prenciit  time.  Moat  uf  tbo 
^^■voblcauof  immeiliiite  intcreat  iu  lliu  wiUr  nyHtem  have  booD 
■olvv*),  prinrlimlly  by  iiiethoils  or  xpproxiiimliun,  hut  liiere 
mn  wbdlu  iloinaiiut  lut  yttt  eiitirvly  tinuxplorud.  The  uiiHulvod 
probleow  ore  lieing  oDiniuered  itmiultAneou&ly  with  tbu  deyel- 
ofimetit  «f  m4ahciiiati<r«. 

Om  of  thi>  iiltiinute  ottus  uf  all  work  la  uttronomy  i»  to 
(liscovvr  ihc  f{fiicnil  Inws  in  aoconlaiivo  willi  which  phe- 
tUMnetui  «ucc(>4m1  uot^'h  utiier.  uiul  ia  this  quust  the  rewearchea 
in  c^estial  mechanics  are  of  a  twofoU)  value.  Iu  the  li»t 
pUoo,  they  fumiith  nearly  all  the  prudictionH  that  caii  be 
ina4e;  and  in  the  mm-uikI  place,  they  conHtitult!  ewi^iitw]  nn<l 
wry  important  Htt'iMt  in  the  veritiuation  uf  ^onrral  jirinciples 
obtained  by  induction. 

0(Mi  of  tbo  inoat  nimarkable  csainpira  of  thu  vflit-ieacy  of 
gvnerml  priui^iplea  in  leading  by  inalbcuuitical  processes  to 
itnpartant  resulta  is  tliu  discovery  of  the   planet  Neptune. 
^J^xvm  certain  very  mnull,  hitherto  unexplained.  ]ieculiarities  in 
^^k  muliouof  the  planvt  Uninu*,  Adautsand  l^verriersliowed 
^^■teoat  wmiiltaneutudy  by  pmfomiil  and  hiburinus  proceMti* 
^^■■t  an  unknown  planvt  existotl  iu  a  cvrtain  part  of  the 
■ky.     Under  the  dirwtion  of  theory  Galle  found  the  new 
planet  within  half  an  boar.     Tliis  signal  triumph  of  predic- 
tion (mm  tlieor}'  i»  almost  without  a  parallel  in  any  other 
sdeooii  (Art.  SKii). 

Tba.metbcHla  of  coltwtial  meclianius  treat  al»o  many  qui-s- 
ticHM  wbent  tbo  influences  at  work  are  so  feeble  that  their 

Iialta  do  not  become  itensiblu  iu  tbe  time  covered  by  ob- 
rvationa.  For  example.  Darwin  has  shown  that  most  in- 
pectiog  result*  How  from  the  tidal  intemctitms  of  the  earth 
d  inooti,  and  of  noU'rigid  Uidies  in  general. 
The  tnotbwls  of  celestial  mocbanics  are  aim  very  impor- 
Di,  for  tbey  lead  to  results  which  never  can  U>  reached  by 
dinct  olwerration.  Thua,  it  baa  been  shown  by  tidal,  pre- 
onaaiuiial,  and  rotational  ph«nomena  that  tlie  interior  of  ibn 
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earth  is  on  the  average  a  very  rigid  solid,  a  far-reaching  re- 
sult which  is  evidently  incapable  of  direct  verifieatiou. 

10.  Astrophysics.  —  The  spectroscope,  which  is  the  chief 
instrument  of  astrophysical  research,  has  been  in  active  use 
in  astronomy  less  than  fifty  years,  yet  its  contributions  to 
knowledge  have  been  truly  amazing.  The  results  which  it 
has  furnished  are  the  more  precious,  for  they  cannot  be 
obtained  in  any  other  way ;  and,  indeed,  until  after  the 
application  of  this  instrument  to  astronomical  investigations, 
no  one  had  tlie  boldness  to  hope  that  the  regions  which  it 
has  revealed  would  ever  be  accessible  to  us.  It  furnishes 
us  with  no  less  marvelous  information  than  the  chemical 
constitution  of  the  sun,  and  of  stars  so  remote  that  it  takes 
their  light  many  years  to  come  to  us ;  it  distinguishes  for 
us  luminous  gaseous  bodies  from  those  which  are  solid  or 
liquid;  it  tells  us  mucli  of  their  temperature  and  physical 
condition  ;  and  it  gives  us  the  means  of  determining  the  rate 
at  which  we  are  relatively  approacliing  toward,  or  are  reced- 
ing from,  tlieni.  Its  ai)plieation  to  astronomical  problems 
has  been  only  begun,  and  no  one  can  predict  what  the  future 
developments  will  be. 

TJje  instruments  employed  in  astrophysical  researches  are 
entirely  different  from  those  used  in  other  classes  of  investi- 
gations. They  are  of  the  most  delicate  type,  and  no  one  but 
a  specialist  can  manipulate  them  so  as  to  secure  valuable 
results.  The  interpretation  of  their  revelations  depends 
very  hirgely  upon  ])hysical  and  chemical  experiments  which 
they  oftentimes  suggest.  A  well-equipped  modern  astro- 
nomical observatory  contains  a  physical  and  chemical  lab- 
oratory ;  and  it  is  here,  where  three  sciences  unite,  that  the 
essential  unity  of  the  visible  universe,  notwithstanding  its 
great  divc^rsities,  is  demonstrated.  These  investigations 
have  become  such  an  important  part  of  practical  astronomy 
that  this  branch  of  the  subject  has  been  given  the  name 
astrophysics. 


is 
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U.  Axtnmomkai  Doctrine. —  The  labors  of  natrononittni 
tte  ivaulttfd  ill  tliu  lu-cuumlalioii  of  a  large  imiiiber  <if  fuou 
id  Mtnblinlii-d  llieuries  wliu-li  will  tn:  calle<l  attnmomie^ 
^tlrtHf.  Ih  lliii*  jirBlimiiiitry  uutUiitt  only  vnaugli  of  a 
glint[<«e  mil  lir  j^vuii  of  Um  wciiltli  »{  the  material  whif.-li 
Ui  br  unfuldutl  tu  luwiiit  ouo  in  prujierly  rvcoffiiizing  tbe 
Jicatiiiii,  mill  ■■Htiitiiiiin^  \\i\'  viilui',  of  tlif  Hcpumtu  factH. 
U.  lCotion»  of  PlaneU-  —  Thu  eartb  in  nvarly  roimil.  ro- 
un  iu  axis  um-e  in  u  diiy,  and  n>volvt>H  amiiiid  tbe  miii 
oace  in  b  year.  The  orbit  in  wliicU  it  inavf.s  iit  nn  olliiuMi 
with  the  «un  at  one  of  iu  foci,  and  the  moiinn  ix  siiuh  that 
tlir  line  jninini*  tbe  vartii  and  tbv  sun  (twt^f]m  nvirr  vqual 
arPMi  in  oiiiinl  limi-it.  Thi.-  intitioim  \\{  tli«  hcvl-u  other 
pliiurtJk  eieept  far  ibiiir  dijTcronl  jK'riods,  an?  Hiniilar.  It 
na  from  thtiat*  facta  that  Nuwton  duriveU  tlio  law  of  gravi* 

Kli..n. 
According  to  tlie  law  of  gnvitutioci,  every  imrticle  uttmvta 
Bry  otbvr  {mrticln  with  n  force  which  in  proportioiiid  to 
th»  prtKlnet  of  Ibi-ir  uiium.-*  nitd   iiivi^racly  pmjiortionid  (o 
the  aqnuv  of  thuir  diHtanco  it[iart.     No  Uw  \\n»  had  moIi; 
amffltf  veiiticatioQ  tlian  thin  hiui  in   tho  wdar  syHtem.  and 
tlurre  arc  wxci'tlcnt  renMinK  for  Itt-lieving  that  it  buhbi  true 
thmnghoiit  tbi-  viniblo  uiiivtrste.     The  law  fHalt-a  how  gravi- 
tatiiio  MrtM,  but  ibi'tv  ta  mi  grnernlly  aL-tT|>ti!ii  theory  n^poct- 
lug  ila  nature.     'Ilic  proof  of  thin  bw  and  the  deduction  «f 
•  liir|{i)  nunilxT  of  im  i-jiii(t«quenves  makt*  the  nanit*  of  Newton 
ImmorlMl.     The  law  of  gravitntion  i«  idvoIvmI  in  every  nioaii 
and  motion,  nnd  every  plienomenon  dofiending  uihhi  mass  and 
motion,  and  if  it  iihould  ever  be  ahitwn  tluit  it  iit  wrioUKly  in 
errt>r.  wbieb  In  very  unlikely,  the  greater  part  of  the  edtfloe 
^Hf  axtmnomit-al  and  phynival  theory  would  fall  with  it. 
^^BS.   The  San. —The  M»n   i«  a  rant,  inteiiaely   hot  globe 
^^Bv^h  IM  gamtiiw  in  il«  ext^^rior  partM.  and  pndMbly  fluid,  viH< 
^^ftlm  or  pCMMibly  aolid,  in  its  deep  interior.     It  in  surrounded 
^^B  an  enonnons  envvlnpe  uf  ganeuua  material.     K  «iU.Veb  uo. 
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ita  ftxia  in  the  saine  direction  tliat  the  planets  move  in  their 
orbits.  The  spectroscope  shows  that  its  lower  atmosphere 
contains  the  vapor  uf  irou,  calcium,  sodium,  and  more  than 
thirty  other  terrestrial  elements,  mostly  metals.  This  fact 
and  the  appearance  of  the  planets  strongly  suggest  a  common 
origin  of  all  the  members  of  the  solar  system. 

The  sun  is  losing  enormous  amounts  of  energy  by  the 
radiation  of  heat  and  Itglit,  which  in  the  course  of  millions 
of  years  will  become  exliausted,  however  great  may  be  its 
actual  and  potential  store.  Its  temperature  is  kept  up,  at 
least  partly,  by  its  shrinking,  due  to  the  mutual  attraction 
of  its  parts,  the  energy  of  position  being  transformed  into 
the  energy  of  molecular  motion,  that  is,  into  heat.  This 
points  to  the  conclusion  that  in  past  times  it  had  vastly 
greater  dimensions  than  it  has  at  present. 

14.   The  Stars.  — The  stars  are  suns  which  are  so  remote 

that  tliey  itpju'ar  tu  be  very  email,  and  that  their  motions 

.  produce    only    very    slight 

changes   in   their  app&rent 

directions.    The  nearest  star 

known  is  27.5,000  times  as 

far  from  us  as  we  are  from 

I  the  »un,  and  nearly  all  of 

I  the      remainder     are     ini- 

menaely  farther  away.     In 

most  cases  it  takes  the  Hgbt 

ceiitui'ies     to     come    from 

them  to  us,  although  it  trair- 

I  els  at  the  rate  of  186,880 

miles  per  second. 


Flo.  S.  —  Ori^at  Butr  Clni-ter  in  Herculeii. 


The 


lillic 


of 


ehotogTuph-.fl  with  the  Croaakj/  Sejfector   wfaich  cau  be  sceii  are  sprMd. 
at  tAe  i(c.t  Obttrvatary.  ,.i  -^  .     c  j  ■  u  ^~*~' 

'  out  in  ft  sort  of  disk,  or 

haps   in  a  series  of   vast  streams  of  stars,  iu  the  plane 
the  Milky  Way.     They  are  moving  in  all  directions,  aoi 
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a  St  tilt!  rate  of  iDore  Ltiau  one  liumlret)  milt'H  jcr  aecond. 
a  spectroitcoi«  sImwH  that  tht>y  j^iierally  coittiiiii  familiar 
Ota.  TheatAre  do  ii<it  always  occur  singly  liko  our  tttit, 
totly  in  [Mura  and  gretittjr  nunilK're,  and  ituinetiines 
t  eluMon  iiuidti  U[i  of  tliousanda  of  supurattf  bodies. 
B  of  ibi'  few  which  ha%'»;  been  determined  are  oom- 
t  to  that  of  the  sun,  luiine  being  greater  ajid  others 
ir.  There  are  many  Htiini  of  iinkiiowii  maaaeH  which 
B  btindred.-<  of  tinien  aa  miK^h  liglil  iLt  tlitt  nun. 


Rebnlu-  —  Tliem  an;  vast  gaaeoiu  maasfs  called  nthv- 
I  Katterwl  tlinjojfh  the  sky.  their  volumes  bi-ing  millionB 
I  grvatur  than  those  nf  the  stars.     They  firecent  the 
I  ftinna,  wtDe  surrouuding  ataiv  like  exaiggentjtti 
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ftvwwplwrra,  othors  Ewing  woiiml  out  in  grenl  spirals,  olhors 
Hnt  and   dilTuw   and   widolj   scattored.  aiid   otbors  long, 

i  16-  EvolttdoD  In  Astronomy.  —  II  in  believed  that  the  aoliu- 
IpUiii  baa  dfvi-lMjH-d  oiu  i>(  »  m-bulo,  poHsilily  a  spiral  some- 
■^■Jblka  thnl  xliuwn  in  Vig.  6.  TIiih  tlti^ry  is  of  gnal 
^^^kLluul  liM  many  jioinU  uf  vMttrntial  contact  in  cithvr 
^^HK  pftrtivalarly  with  gixilogy.  One  of  tlie  probletos 
PBNmnfi  utromiineni  it)  the  induction  of  the  miNle  and 
nra  of  this  developnifnt  ho  that  the  iheory  may  bi'Cfiiiie  a 
[m  bads  for  iIk-  inU-qitrtulion  of  fm-in.  In  tliiit  Binbitious 
mik  nothintf  less  \»  vontoiiiplatitl  thun  it  philoitophicul  and 
■Mortcnl  dewription.  at  IcAst  in  gviiurni  oiitUneH,  of  the 
bvKlopnwnt  «{  the  whole  syHtt-m  trum  a  jiriuiitivo  nebiiloiia 
mm  to  its  )in-iM.'nt  nlate,  and  a  confident  prodielion  ut  what 
k  wolulion  will  lie  during  niillioiiM  of  yeant  to  eonic.  It  is 
■t»jM)«>d  taanifpaMidc,  by  intluclivf  and  ilodtictiveproufflses. 
In  lurTuw  boundit  of  space  and  lime,  and  to  fumiwh  a  view 

■  the  pamimma  of  eVLMits  in  which  the  development  of  lon- 
iDeiiU  ia  bat  an  incident.  It  ahonhl  l>e  added  pnnnptly  that 
Ha  problem  ia  t4i  lie  solved,  not  only  fur  the  .solar  syHlem,  but 
po  for  all  the  atara  and  ayatema  of  atars  which  fill  the  sky. 

■  ft  Wfty  tbU  eomplicittva  a  difiicult  problem,  but  in  another  it 
n^Uas  it  immensely,  for  the  diversity  of  eouditions  and 
^^^^Usrslojiment  furnishes  opjwrt  unities  for  the  com  pari- 
^^^HbltiBg  of  theories.  The  iubomtory.  the  sun.  the  solar 
^^^Bm  ■  whole,  the  stars,  and  tbv  nebulaa  ninat  be  mailv 

■  raajiond  to  the  draft  fur  information  and  to  fumiah  suggus. 
■mis  and  me^n!*  of  vt-rilliAti'in. 

I  IT.  The  VftlDC  of  Aatroaoiny-  —  In  this  praelical  age  there 
k  a  lend«uey  among  uinny  to  reganl  iutroiH>iuy  as  of  little 
Ifavot  importann'.  Uiit  this  idea  is  cjnile  erroneons,  for 
Wery  day  in  the  year  aatrtinomy  furnislies  lime  to  the  rail- 
IQkU  awl  inakea  il  safe  to  run  trains,  it  make«  it  poaniblo  to 
I||vigal4)  tlie  sea,  il  euAbU;*  surveyura  to  Sx  acouratel^  ttw 
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boundaries  of  countries,  it  has  given  the  very  laws  upon 
which  mechanics  is  based,  and  it  has  made  unrivaled  con- 
tributions to  our  general  understanding  of  nature.  The 
ancient  Greeks  had  keen  minds,  but  knowing  little  beyond 
the  shores  of  the  -^gean  Sea,  most  of  them  supposed  that  the 
earth  is  flat  and  the  center  of  the  univei-se,  that  the  sun 
is  a  piece  of  burnished  metal,  and  that  the  gods  live  at 
the  summit  of  cloudy  Olympus.  How  different  our  present 
conceptions !  They  have  been  obtained  by  the  painstaking 
observations  of  Hipparchus,  Ptolemy,  and  Tycho  Brahe,  by 
the  perilous  voyages  of  Columbus  and  Magellan,  and  by  the 
theories  of  Copernicus,  Kepler,  and  Newton. 

In  the  following  chapters  an  exposition  will  be  given  of 
the  elementary  geometrical  machinery  which  is  necessary  for 
the  concise  and  accurate  description  of  astronomical  facts ; 
then  will  follow  a  direct  study  of  the  constellations,  of  the 
solar  system  and  its  evolution,  and  of  the  sidereal  universe  in 
general.  A  growth  into  an  understanding  of  these  great 
subjects  will  be  the  source  of  the  keenest  pleasure  and  of 
the  greatest  intellectual  benefit. 

QUESTIONS 

1.  Enumerate  as  many  )>enefitfl  as  ])ossible  which  may  be  derived 
from  a  review.  How  does  the  answer  differ  in  the  case  of  science  study 
from  tliat  of  language  study  ? 

2.  Which  of  tliese  benefits  can  be  Largely  derived  from  a  preliminary 
outline? 

3.  Can  the  method  of  alternative  hypotheses  be  emi)loyed  in  subjects 
which  are  not  sciences? 

4.  If  two  hypotheses  satisfy  all  the  data  etpially  well,  what  conclu- 
sion is  to  be  drawn  ?  What  would  be  the  conclusion  if  but  one  hypothesis 
were  under  consideration  ? 

5.  (jJive  an  example  of  a  correct  and  of  a  false  induction. 

6.  Give  an  example  of  a  corn;ct  and  of  a  false  deduction. 

7.  What  science  seems  to  you  to  be  most  largely  inductive?  Is  any 
science  purely  deductive?    How  do  you  class  mathematics? 

8.  What  is  an  art?     What  arts  are  used  in  astronomy? 
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B.  UuijraeieiK*  Indrpendoit  ofkllarto?    !■  »ny  ut  indepemJanl o( 


,   la  it  an  ftzJom  or  ■»  itxlaetinn  tbfti  *U  natural  pbenotiwna  ■iicc«ed 
h  ocWr  Boifarditig  to  unraryitiK  lawi  ?    This  U  nnlinarll]'  caltnl  ikr  lam 

•*f  </f«vr'  If  U  were  not  trun.  wlist  wouUI  >H<n>tne  of  ■rixocw? 
II.  b  llw  taw  of  caum  anij  nffpct  trnp  In  miriWtual  mattrn?  For 
nf4*,will  th"  Hud  J  of  antronomy  j'roJuoni'iToPta  ou  yimr  miud  which 
Q  fMvntancntljr  niodlfj  U? 

.   Wltat  rvUtlun  iluvs  a  au[<entltion  l>«ar  to  Iha  law  <■(  rauM  and 


in.   Kii>taiii.  wilh  illiiitratiuii 


,  tlip  dj-{>a  in  th«  <lpv«lo|iiiMM)t  of  a 
1  plain  In 


.   Kavmrntr  iIip  priaHjial  divisinna  of  Mtronomj,  ■ 

i»  UiRy  iliffoT  from  DIM*  anulhrr. 
.    Oatlinr  llii-  aMroDoniirBl  ilivtriita  mgipctiiiii  the  uciliun  ol  tha 

^  llw  rtiant-trr  »(  thr  nun.  aiul  the  iialum  ot  tba  »lar». 
,   la  wbU  waT*  U  a  Ihrorr  o(  nvolutlun  In  artrononar  of  iulerart 


.    IHniim  tl.r  din 


t  aiul  iiidir>«t  valur 


to  RMukind. 


CHAPTER   II 
REFERENCE   POINTS  AND  LINES 

18.  Problem  of  describing  Directions.  —  The  motions  of  the 
earth  and  of  all  the  heavenly  bodies  are  obtained  directly  or 
indirectly  from  observations  of  directions,  just  as  one  finds 
that  a  distant  train  is  moving  by  noticing  that  its  direction 
is  different  at  different  times. 

Since  astronomy  is  a  very  extict  science,  it  follows  that 
some  scheme  of  exactly  and  concisely  describing  directions 
must  be  devised.  When  one  looks  at  a  star  he  can  not  tell 
how  far  away  it  is ;  in  fact,  all  the  celestial  objects  seem  to 
be  on  a  spherical  surface  commonly  called  the  sky,  but  known 
in  astronomy  as  the  celestial  sphere.  This  appearance  is  so 
striking  that  the  ancients  supposed  that  the  stars  are  actu- 
ally small,  briglit  bodies  set  in  a  crystalline  sphere.  Although 
it  is  now  well  known  that  the  stars  are  immense  suns  whose 
distances  differ  greatly,  yet  it  is  convenient  for  many  pur- 
poses to  consider  that  they  are  on  the  surface  of  the  celestial 
sphere.  This  means  simply  that  as  seen  from  the  earth  they 
are  projected  upon  this  surface.  Consequently,  to  describe 
the  direction  of  a  star  from  us  it  is  only  necessary  to  giveMts 
position  on  this  fictitious  celestial  sphere. 

The  relationshij)  between  angles  and  arcs  occurs  also  in 
solid  geometry.  For  every  proposition  relating  to  trihedral 
angles  there  is  a  corresponding  one  relating  to  a  triangle 
drawn  on  the  surface  of  a  sphere.  Since  the  lines  on  a 
spherical  surface  are  so  much  more  easily  thought  of  than 
the  corresponding  angles  at  its  center,  the  former  are  more 
commonly  used.     Similarly,  the  conception  of  a  figure  on 
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thv  crlnstinl  sphvni  is  nimplor  than  tluit  of  tlii>corr<«pon<ling 
hdkW  wlitiM'  Venires  lira  at  the  olMvrvttr. 

Tliiji  t-luiptur  will  be  dvvotvd  to  an  ux{ioHitiun  nf  thn  sys- 
f  pttintx  nnd  linua  by  meana  of  which  [wsitions  ud  the 
ili^l  H|ibere.  which  art?  equivaleut  to  directioas  from  tu, 
lirscribpii :  to  showing  bow  to  liad  their  dclining  |ioint« 
ami  linv!) :  au<l  (i>  exliiliiting  the  rvlattoiu  which  exist  Bmon{{ 
tlir  nVKlfiMH. 

18-  Ot>>ect  of  finding  Direcdons.  — It  haa  hevn  pointed  out 
th^t  (MM-  of  tho  purpuscH  of  mciiHUring  directiona  ia  to  d«ler- 
mitiv  liow  the  heavenly  bodiex  move.  Thii*  work  ia  of  much 
v»liiev  for  it  IvwU  to  the  Iuwm  of  their  motions,  and  from 
ihcMe  lawa  many  important  i-onsequ«>iic(^K  follow.  Kut  there 
ta  another  nrawm  for  niraanriuK  dirccliona.  The  di«tAnc«  of 
an  ohjrct  c«n  not  l>e  fonnd  from  a  single  olNtvrvation  of  its 
dirtvtion:  hut  from  two  ulMervationit.  made  at  difTervnl 
{•ointa,  it  ran. 

SuppoMT  one  dfnairad  t»  know  accurately  the  dlstADou  acruMi 
an  impoasatili?  riri<r.  say 
the   Ntajfara.     It  could 
ettaily  be  found  oa   foU 
low*: 

L.«t  tbe  dititanve  n- 
qtitfMl  be  AP.  Sup- 
[MMC  CXPukI  ttbPnrv 
Himi|{ht  limm,  and  lluit 
BX  and  bO.  aiid  A  C 

1  BJP  are  respect ivclv  |>*rallel. 

lA£i>an>aimilar.    ilcmn^  th.^  f. 
Pli:HE=.\b 

l8u|>po«e  the  diMtanrm  BE,  AB,  and  Eb  are  measured: 
I  PA  «D  be  computed  from  tlie  pro[tortiu[i.  and  U  given 
f  tbe  equation 


Fta.  a. 


Then  the  triangle*  PAB 
lowing  proportion  ialrue: 
Kit. 


PA 


AB 


ss. 
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In  practice  the  work  would  be  done  a  little  differently. 
Suppose  the  distance  AB  and  the  angles  PAB  and  ABP 
are  measured.  Then  two  angles  and  the  included  side  of 
the  triangle  are  known,  which,  according  to  plane  geometry, 
completely  define  the  triangle.  From  the^e  data  the  side 
AP  can  be  computed  by  plane  trigonometry.  In  fact,  trigo- 
nometry enables  one  to  compute  all  the  unknown  parts  of 
any  triangle  which  is  completely  defined  by  having  a  suffi- 
cient number  of  parts  given. 

In  quite  a  similar  way  the  distance  to  the  moon  is 
measured. 


Fi<;.  0. 


Suppose  the  moon  is  observt^d  simultaneously  by  an  ob- 
server in  tlie  northern  liemisphere  at  A  and  by  one  in  the 
southern  heniispliere  at  B\  and,  for  simplicity,  suppose  that 
A^  B,  M,  and  E  are  in  the  same  plane.  The  zenith  of  the 
observer  at  A  is  Z,  while  that  of  the  observer  at  B  is  Z'. 
The  observer  at  A  measures  the  anorular  distance  of  the  moon 
from  his  zenitli,  or  the  angle  MAZ,  and  the  observer  at  B 
measures  the  angle  Z'B3L  Suppose  their  latitudes  are 
known,  and  that  the  radius  of  the  earth  ATJ=  BE  is  known. 
The  sum  of  the  latitudes  is  the  ancrle  BE  A,  In  the  quadri- 
lateral EAMB  the  three  angles  MBE,  BEA,  and  EAM,  and 
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I  anil  KA  nro  known.  rniiRefjuentlj,  the 
iiied  ftiicl  llie  other  jiarto  niMy  Iio  oom])iiti'<l. 
1  found,  the  distance  E!^  cun  be  uoin|>iitud 
from  th*  trangle  EAM. 

Tht'n*  un  many  iimcticiil  difficultii'^  in  solving  tho  problem 
which  have  not  bi-en  jjointud  out  bore,  but  the  method  is 
iiMcntially  thai  which  has  lieen  given.  It  is  to  bo  noted 
that  Ihe  r«ftiills  are  {>erfectly  reliable ;  in  fact,  the  i)ercentnge 
of  vrror  \»  much  Ivm  thtui  in  moBt  meoaurementa  made  on 
thr  AurfaL-u  (if  the  earth. 

Il  follows  tlint  ni>l  only  thu  drtemiinution  of  motions,  but 
aUo  iif  diataaces,  la  a  [irobli'm  of  nieasuring  and  describing 
flirt^-tions. 

90.  ReUtloBs  between  Arc  and  Linear  Measure.  —  The  ap> 
|Mn-nt  divtaiica-i  Wtw  t-eu  the  starn  ami  the  iliamutcrs  of  sucli 
objm-ta  aa  the  sun  will  Iw  expressed  in  dcgreea,  minutes,  and 
aecomla  of  arc.  The  connection  between  tlie  arc  mcastiro 
and  thf  actual  diameter  of  an  object  depends  on  its  distance, 
and  this  relation  will  now  be  shown.  When  the  angle  sub- 
tended ia  small,  fairly  accnrate  computations  may  lie  made 
l>r  very  nlmple  means,  which  will  bu  umxl  over  and  over 
again  throughout  this  Itook.  and  an  expliumtion  of  this  pro- 
fttss  will  Im-  given  liefore  the  ntli-ntion  Iwcumes  absorbed  in 
th«  mastery  of  the  systems  uf  rtifcrvnco  points  and  linea  and 
thrir  rcUtinns. 

Tlte  rinrumfr-reocc  nf  a  circle  ia  divided  into  34)0  equal 
j^MTta  coiled  drtfrtea.     ll  is  shown  in  plane  geometry  that  the 

fo  nt  the  mliuH  to  the  nircumfereuce  of  a  circle  is  2  t  c-  2 
AiW  "•.     Tliv  e(|uation  for  this  relation  is 
2  TT  =  360  ilegrees  uf  arc, 

wberv  r  is  lite  raditu  of  tbe  circle.     From  this  equation  it  ia 
'    ind  that 

rsoT.S...  decrees  of  arf). 
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Suppose  the  angular  diameter  of  an  object  is  D  degrees, 
that  its  linear  diameter  is  I  units,  and  that  its  distance  is  r 
units ;  it  is  required  to  find  the  relation  among  these  quanti- 
ties. The  angle  D  has  the  same 
ratio  to  57.3  that  the  arc  I  does 
to  the  arc  r,  whence  the  pro- 
portion 

2>:57.3  =  Z:r. 

When  the  angle  D  is  small, 
the  subtended  chord  is  nearly 
equal  to  the  arc  and  may  be 
used  in  place  of  it.  As  an  illus- 
Yj^.  10  tration,   suppose    the    distance 

from  A  to  B,  Fig.  9,  is  equal  to 
the  radius  of  the  eartli,  or  4000  miles.  Suppose  it  is  known 
from  the  three  measured  angles  that  the  angle  BMA  is  one 
degree,  and  consider  the  problem  of  finding  the  distance  MA, 
In  the  formula  D  equals  one  degree,  I  equals  4000  miles,  and 
r  is  required.     The  result  is 

r  =  ^fJ  =  229,200  miles. 


The  data  and  result  are  approximately  correct,  the  true  dis- 
tance to  the  moon  being  240,000  miles  in  round  numbers. 

Consider  another  example.  Suppose  the  distance  to  the 
moon  is  240,000  miles  and  that  its  apparent  angular  diame- 
ter is  one-half  of  a  degree  ;  required  its  linear  diameter.  In 
this  case  r=  240,000,  D  =  0.5,  and  I  is  required,  whence 


Z  = 


57.8 


r  =  2094  miles. 


Likewise,  if  I  and  r  were  given,  D  could  be  found. 


[  9.    \kma  Uw  II 

f  m*  vbcn  nnu-  thr  tioi 

|h)a  tfar  nkv  w«-iit  to  you  to  ti«  trtilj  ft[>hi^rical  i 
Wlial  an*  ihr  iliff«r«iil  iruM  In  whinli  »  trbiiglvUdeflnn]  tiy  thrM 
f  it*  pirtii? 

ft.  Aduftlly  mcaMire  kmuc  oonvi>iii«t)t  iliatmnci;,  ftii  acrnw  Um  ftrppt,  hf 
*■  iiii4liik>l  ri|ilunnl  by  ('ij;.  B. 

11.  Wlwia  jou  liNik  «1  •  tii-ar  iilijrri,  jour  two  ryiM  •cp  it  (mm  uliithUy 
iliBi-rml  dlTf^tiiinfi.  'I'liii.  i;iv»  tt  iht?  ■ppnaruire  nf  nutidity,  a  t»el 
uwd  m  *«tTni»rc»pi-  |ii<-lum.  Mr««iin  tlir  dlitanna  bptwivn  tin-  [mpili 
■i(  Uh!  «;■->  aiitl  conipiilp  tb«  amount  in  aii^iilar  ntcMure  Ihi-y  mnat  turn 
in  to  MN!  an  ohjrct  at  rrjulinii  ilivtancp,  IN  iiirlir*. 

7.  Can  yiHi  ni<iniat<-  dittanraa  accurately  with  nnc  nyr ''  Catch  a  )>a11 
with  nn«  ryv  eluHyl.     Siv  how  near  you  can  ]>ut  the  tijv  of  your  Angrr  la 

I  fibjfict  wb«n  nnp  ryv  i*  clo^d. 
,  8.   How  maj>y  minntm  of  are  (y|ual  in  tnngth  lb*  nUiiu  o(  the  (-ircWT 

*  many  hvoii'I*  d  arc  ? 

'  ft.  Lat  tke  aiui  tliiiia  throiigli  a  luiall  circaUr  npfning  on  a  trrMn  b«>ld 

'•ftZlanf  il*co<i»  of  r«y«.     (Vum  t)i<s  tliamf tor  of  lh« 

R  U>»  MTM-n  aitd  t)i«  ilinlMiM  <•(  lli^  iw-t*«n  froia  th« 

■  uifcutar  <Iiatn<-t«r.      If   Ibo  diatajic«  ot  lb»  ran  b* 

t  ia  ita  diamMor? 

,  St.   The  Geographical  System. — One  nf  tho  probl«tnK  of 

igrafiliy  U  lo  .U-M-riU*  iIk-  iMixiiimiM  of  pUcrH  on  lli«  surfftiM 

of  tlm  ntrtb.  Sinnu  thbt  ih  cMviitmlly  tlic  Mtmo  |>n>lil):ni  na 
locating  pointM  un  the  twWlial  uplicre  luiil  is  solvisl  id  ibc 
mitae  manner,  it  will  tw  ntvivwvd.  p 

GmigrBphical  {NMiitiunx  nn*  llL■^l^t^tl  by  two 
of  etrclcfl  on  the  surface  fif  thv  eurth. 
e  first  aet  ronaUta  of  tli*;  etiuntor  aii<i  the  Gf- 
M  [iarull»l  to  it;  the  second  Met 
great  circles  iierpviidicular  to  tha 

r  Jii   tlw  figure,    J?£'   i»  tho    oqtutor    nnd 
QJ"  b  ooa  of  Um  graat  circles  of  the  set  wUch  is  per- 
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pendicular  to  it.  The  circles  parallel  to  the  equator  are 
called  latitude  circles^  and  the  circles  of  the  second  set 
are  called  meridians.  They  cover  the  whole  sphere,  one 
circle  of  each  set  passing  through  every  point.  Distances 
are  counted  from  a  particular  meridian,  called  the  prime 
meridian.  In  the  United  States  the  prime  meridian  passes 
through  the  Washington  Observatory,  in  England  through 
the  Greenwich  Observatory,  etc.  The  location  of  a  place  is 
defined  by  its  distance  north  or  south  of  the  equator  (lati- 
tude) and  east  or  west  of  the  prime  meridian  (longitude), 
these  distimces  being  given  in  degrees. 

It  is  to  be  observed  that  the  positions  of  all  the  circles  are 
defined  wlien  the  equator  is  given,  or  the  poles,  which  define 
the  position  of  the  eciuator.  The  prime  meridian  of  the 
seci^nd  set  is  selected  so  as  to  be  most  convenient.  In  de- 
veh)i)ing  systems  of  circles  the  first  thing  is  to  define  what 
shall  correspond  to  the  equator,  or  to  its  poles;  then,  to 
define  wliat  circle  shall  correspond  to  the  prime  meridian; 
then,  to  give  the  circles  appropriate  names;  and  finally,  to 
give  names  to  the  distances  corresj)onding  to  Latitude  and 
longitu(h\     These  distances  are  called  coordimites. 

22.  The  Horizon  System. — The  horizon,  which  separates 
the  visible  portion  of  the  sky  from  the  invisible,  is  a  curve 
which  can  not  esca])e  attention.  If  it  were  a  great  circle,  it 
might  ])e  taken  as  a  great  circle  of  the  first  set  for  a  system 
of  circles  on  tlie  celestial  s[)here.  For  an  observer  on  the 
land  it  is  very  irregular,  and  for  one  on  the  sea  more  than 
half  of  the  sky  is  visible  unless  he  is  precisely  at  the  surface 
of  the  water.  This  horizon  which  we  see  is  called  the  sensible 
Iwrizon. 

An  astronomical  horizon  will  now  be  defined  and  made  the 
grejit  circle  of  the  first  set.  The  direction  of  the  plumb  line 
at  any  place  is  perfectly  definite.  The  point  where  the  line 
having  this  direction  pierces  the  celestial  sphere  overhead 
is  called  the  zenith^  and  the  ojjposite  point,  the  nadir.    These 
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nwy  bo  t&kvn  u  Uie  i»ol«  of  tbi'  finit  wt  of  i:irclcs.  The  gront 
(circle  W  fruni  tUum,  or  midway  betwecu  them.  i«  tha  nttro^ 
mumiail  horiton.  The  smnll  circlefl  |iRraltel  to  the  horizon  nrc 
callml  ftantlleU  »/  allituilf,  or  HuaietiiiicH  almunmtnri.  The 
Ifrest  cin-I««  of  the  second  Met  pn««  through  the  Kciiitli  and 
tuHlir,  and  ititfntect  the  horizon  pcrpeiidicultirly.  They  are 
csllml  vtrtKoi  nrrirt. 

Tba  lUndan]  vertical  circle  is  the  meridian,  or  the  one 
pMsiiig  through  the  north  and  south  points  of  the  horizon. 
The  cardinal  points  will  Ire  defined  in  the  next  article.  The 
vertical  circle  |>atMiiig  through  iIr-  ejixl  iin<)  wiMt  iruiiilA,  called 
tltP  primt  rrrtical,  in  tisvd  Hometinitw  lU  n  Htandnrd. 

The  angular  diKtJtncc  abovu  or  below  the  horizon  is  called 
the  altihtjf^  being  Konsideretl  iKMitive  whui^  above  and  nega- 
live  when  beh>w  the  horizon.  The  angular  dixtani-e  from 
the  u-nilh,  called  the  tenith  dialanfr,  iti  aliut  uited  frequently. 
The  angular  diHtanee  from  the  meridian,  starting  from  the 
Miuth  |ioint  and  enunting  wnttu-nrd  along  the  horizon  arouod 
up  to  Wiy.  U  called  tht*  atimuth. 

(.'unader  an  example.  Supjtose  a  star  is  directly  iu  the 
northcaat,  and  midway  between  the  horizon  and  the  zenith; 
required  ita  altitude  and  azimuth.  Think  of  the  verticnl 
cirele  paating  thntugh  il,  and  eount  the  dii^tanee  from  the 
hurtaon  along  thin  circle  up  to  the  Ktar.  Krom  the  comli- 
tiuna  ^ven  il  ta  4>'>*,  and  the  altitude  is  tbervforv  +  4>V, 
The  vertical  circle  through  the  alar  cuts  the  horizon  in  tlie 
northeast  point.     Keeping  this  point  in  mind,  start  at  tlte 

ith  point  and  count  along  the  horizon  westwanl  around  to 
Tlte  dwlaiii-e  is  tJi'i' ;  tliat  ia,  the  azimuth  w  'iiJ.'J*. 

t3-  Tbt  Equator  System.  —  The  sun  and  moon  pass  acrom 
aky  from  east  to  west  in  diurnal  circles,  and  an  hour's 
ohaenratioQ  will  aliow  that  tlte  slam  do  the  same  thing.  Tin* 
eirclea  bcootne  smaller  and  smaller  the  mnrer  the  Htar  is  to  a 
certain  point  in  the  northern  sky.  Them;  circles  all  haw  the 
and  if  tlK-re  wer«  a  star  at  this  putnt  it  would 
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have  no  diurnal  motion.  This  point,  which  can  not  escape 
attention,  is  called  the  north  pole  of  the  akff,  and  will  be  taken 
a8  a  poSe  in  a  second  systt'in  of  reference  circles.  The  star 
nearest  to  this  point 
wliich  can  be  Been 
with  the  unaided  eye 
is  the  Pole  Star,  called 
Polari*.  It  describes 
a  tmiall  circle  with  a 
radius  of  about  a  de- 
^nt'e  and  a  quarter, 
III'  a  little  more  than 
twice  the  diameter  of 
llie  moon.  There  is, 
of  course,  a  corre- 
spimdiug  point  in  the 
stnilliern  sky,  called 
t)ie  itouth  pole,  which 

rallK,     P!i'>ln^r„phfd     [3  jnvisiblc  tO   obsOrT- 
(,  Hanhfictd,  Minn.  .       ^,  ^. 

ers  m  the  norUiern 
hemiBphere  gf  the  earth.  Unless  otherwise  stated,  these  points 
will  be  meant  when  the  north  and  south  poles  are  mentioned. 

Since  the  apparent  motion  of  tlie  stars  is  due  to  the  rota- 
tion of  the  earth,  it  follows  that  the  poles  of  tlie  sky  are  the  j 
points  where  the  line  of  the  earth's  axis  pierces  the  celee 
sphere. 

The  great  circle  on  the  celestial  sphere  90°  from  tha  aorthJ 
and  south  poles  is  called  the  eelegtial  equator,  and  IB  tiw  1 
defining  circle  of  the  first  set  for  this  system  of  ^»5rdi-' 
nates.  The  small  circles  parnllel  to  it  are  culled  decUnatiott 
cireles.  The  great  circles  perpendicular  to  it  are  called  | 
hour  circles.  The  fundamental  hour  circle  is  tlie  one  etrtf 
the  equator  in  the  vernal  and  autumnal  equinoxes,  and  ib  [ 
called  the  rquinoetial  colure.  The  equinoxes  will  be  defined  J 
in  the  next  article. 


K  Ooodiell  Ob'i 
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f'Tbf)  dutantrv  nurth  nr  sooth  of  I  lie  rclctiLul  eqaaMr  is 
Urd  xhf  dtrliiMtioR,  Iwing  ci>tui<Ierml  poaitive  if  north  nnd 
[stive  if  auatb.  The  Uistaouo  frixn  the  cquiiKictial  colurr, 
J  Bt  the  TKmul  cf|uiaas  ami  cnuuliii;;  fotltrafi  olon^ 
B  equator  up  to  3(i4*,  itt  rjilleJ  tlie  ripkt  tiieritfMn. 
:  The  meridian  of  the  horizon  Mitlctn  can  now  he  diifloed. 
D  of  Uw  vertioil  cin-Im  pawNrs  through  the  north  )i»le  of 
B  ^y.  Th«  oav  of  the  two  |>nint«  whi'tr  it  cut«  the  horizon 
fakh  is  aearest  the  north  polo  ia  tho  north  point,  and  the 
'ter.  the  south  point.  The  other  cardiiml  [lointa  follow 
■rtly  from  theoe  two. 
It  is  easy  to  sre  why  the  f^rt-at  oirflex  )ier|>cndietdar  to  the 
eqnatof  are  rjillvd  h«»ur  citolwt.  The  whole  sky  ap{ieani  t« 
turn  around  from  eaitt  Ui  west  omrv  in  a  day.  Snppotse  the 
hour  cin'le  whiMe  ri^hL  aacftuuna  ts  0*  coineides  with  the 
mrridian  at  a  (tiven  instnnt.  An  hour  later  it  will  linve 
mored  wntwanl  l.V,  and  thu  hour  uircle  wh^tse  right  tuven- 
•idO  is  1<V  will  cfiinridi-  with  the  meridian.  If  the  whole  eir- 
comfefeoix  is  dividcil  inui  H  hours  (of  urc,  not  time )  of  16* 
•nch,  the  cin;l<v  through  tbtwe  |H^inls  will  poM  the  meridian 
St  intervals  of  1  hour.  The  hours  mentioned  here  are  ahout 
t  srronds  shorter  lltnu  tinlinar)'  hours,  as  will  be  shown 
n  iht«  •Liihjo't  X*  div  iiKsetl  Id  Art.  185. 

Tha  ficUytk  Systen.  —  If  we  could  see  the  stant  near 
1  find  that  it  apparently  moves  eastwani 
Jig  a  revolution  iu  a  jtwr.  A  tehnoope 
i  actually  to  make  these  olMerrations,  hot 
s  can  he  reaclted  as  readily  in  an  iwlireot 
f  fram  obMrvations  with  the  unaidetl  eye. 
iupfMMW  w«  nulim  the  st*rs  which  are  on  the  meridian 
>atd  the  South  at  9  o'clock  in  the  evpning.  Tbaae  ^»n 
are  0  hoara,  or  13o',  cast  of  the  sun.  On  Uio  next  e^'eoing 
it  will  be  ithscrved  that  the  same  stars  crow  the  roeridUo 
riy  4  ninotes  earlier,  and  ao  on  for  every  succeeding 
Bioif.    Consider  tl>e  conditions  after  15  days  have  dapacd. 
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The  stars  under  observation  will  then  cross  the  meridian  at 
8  o'clock  in  the  evening.  Now  these  stars  are  only  8  hours, 
or  120^  east  of  the  sun.  That  is,  the  sun  has  gone  eastward 
15°  among  the  stars.  This  relative  apparent  motion  keeps 
up  indefinitely.  It  was  discovered  in  very  ancient  times  by 
such  observations  as  those  just  described,  and  every  student 
should  repeat  them. 

The  next  question  is  whether  the  sun  travels  in  this  motion 
along  the  equator,  or  a  declination  circle,  or  in  some  other 
curve.  The  pole  is  a  fixed  point  in  the  sky,  and  the  equator, 
which  is  90°  from  it,  always  cuts  the  meridian  at  the  same 
altitude  for  an  observer  at  a  given  place.  So,  also,  do  all 
the  declination  circles.  Consequently,  if  the  annual  motion 
of  the  sun  is  along  the  equator,  or  a  declination  circle,  it  will 
in  its  diurnal  motion  always  cross  the  meridian  at  the  same 
altitude.  Observations  soon  show  that  this  is  not  so.  If 
its  eastward  motion,  determined  by  the  change  in  the  time 
at  which  tlie  observed  stars  cross  the  meridian,  and  its  north- 
ward and  soutliward  motion,  determined  by  the  altitude  at 
which  it  crosses  the  meridian,  are  plotted  on  the  surface  of 
a  si)here,  it  will  be  found  that  its  apparent  annual  path  is 
a  great  cinrle  making  an  angle  of  about  23.6°  with  the  celes- 
tial equator.     This  great  circle  is  called  the  ecliptic. 

The  ecliptic  will  be  made  the  defining  great  circle  of  the 
first  set  for  tlie  ecliptic  system  of  coordinates.  The  small 
circles  paraHcl  to  it  are  called  parallels  of  latitude.  The 
great  circles  perpend i(uilar  to  it  are  called  longitude  circles. 
The  fundamental  longitude  circle  is  the  one  passing  through 
the  points  wliere  the  equator  and  ecliptic  intersect.  These 
points  are  the  equinoxes,  the  vernal  equinox  being  the  one  at 
whicli  the  sun  crosses  the  equator  from  south  to  north,  and 
the  autumnal  equinox  the  other  one. 

The  north  side  of  the  ecliptic  is  the  one  toward  the  north 
pole  of  the  sky.  The  distance  north  or  south  of  the  ecliptic 
is  called  the  latitude^  being  considered  positive  if  north  and 
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ne^tivf!  i(  imutti.     The  (lUtAnii<  frimi  the  fiinilntnvnUl  looffi- 

luiie  cin-lp.  Blurlinji  from  th«  vt-ninl  fqiiinox  und  eimutiiig 

^^jwlwanl  uJoii^  tliL>  ucUiitii-  up  to  AM°.  in  ■■nll(><l  tlit'  hni/itu/U. 

^^^S5.   Comparison  of  tbe  Systems  of  Coordinates.  -  All  tlirt-c 

^^^  thtf  syKlfitiH  HTu  gt^oiiict  riciill y  juxt  like  Lhtj  out*  iimhI  in 

^^Bognphy.  but  there  utk  iiii[Hirliiiit  <lifTfr«>iictf8  in  tliv  way  in 

wlticb  they  ariw!.     Tli<?  liorizini  Hystein  lifw  iu  origin  in  the 

Imct  that  the  varth  »L'purateii  tiio  sky  into  two  partii,  the 

Tiaible  and  the  inviitihie.     It  ia  defined  by  llie  ixMition  of 

Kt  oboervor  on  the  enn\u  or,  more  exactly,  by  the  direction 
Knrity  at  his  {Miint  o(  observation.  The  etinnUir  systom 
defiDMl  by  the  npparwnt  rotation  of  the  «ky,  wliiffh  m  dn«. 
of  counie,  lu  the  actual  rotation  of  tlie  earth.  The  ecliptic 
Hvatciu  is  defined  by  the  apparent  annual  path  of  tlie  sun 
•miiug  the  slant,  which  is  caused  by  the  actual  motion  of  the 

Krth  around  the  sun. 
The  hurizitit  syiitein  ilependi)  upon  the  [HMition  of  the  oh- 
rrer.  Cun«>|U«ntly,  to  have  the  |M>»itiun  of  a  celcatial 
obj«rct  completvly  defln(^d  when  itM  altitude  and  azimuth  are 
f^iven.  the  olwerver'a  position  must  be  givtn  also.  The  sky 
1ms  a  dinmal  motion  with  rps|>ect  to  the  horitou  system. 
~~1ierefore  it  ia  necessary  to  ^ve  tlic  time  of  day  at  whirh 
0  altitude  and  azimuth  have  the  given  values.  It  has  Ix-rn 
I  tltat  Riven  slarv  vrosa  the  meridian  at  different  times 
Miling  days:  tliat  i^  their  rvlnlions  to  the  boriion 
I  vary  with  the  day  m»  well  as  with  the  time  of  flay, 
qoentlj  it  is  iipc«ssary  to  (rive  also  the  day  of  the  year 
ieh  the  altitude  and  azimuth  had  the  given  valum. 
tt>e  other  bond,  the  equator  and  ei-lipti>-  syslema  ar« 
1  (except  for  vtrjf  s/ov  i-hanges )  on  tlie  aky,  and  whoa 
>~  are  used  the  iXNtr^linatea  ore  inde|H:iident  of  the  place 

D  observer,  the  time  of  day.  and  the  time  of  year. 
r  a  catalogue  of  alars  is  to  be  made,  it  is  clear  that  the 
ritoa  syat«m  is  much  less  convenient  than  either  of  th*i 
bar  twn.     It  aril)  be  abown  in  coanedioii  with  tba  dia- 
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cussion  of  astronomical  instruments  that  for  such  purposes 
the  equator  system  is  the  most  convenient  of  the  three.  In 
fact,  it  is  the  one  which  is  always  used  in  catalogues.  The 
ecliptic  system  is  comparatively  little  used,  while  the  horizon 
system  is  of  more  service,  because  it  is  employed  when  we 
wish  to  say  whether  an  object  is  at  any  time  in  a  position  to 
be  visible  or  not. 

QUESTIONS  AND  EXPERIMENTS 

1 .  If  the  earth's  surface  were  a  plane,  as  it  was  supposed  to  be  in 
antiquity,  what  sort  of  a  system  would  be  used  in  describing  geographi- 
cal positions? 

2.  Is  it  absolutely  necessary  that  the  two  sets  of  circles  of  a  system 
intersect  each  other  perjxindicularly  ? 

iJ.    What  is  the  longitu<le  of  the  earth's  north  pole? 

4.  What  is  a  great  circle  ?  How  many  points  on  a  given  sphere  are 
necessary  to  define  a  great  circle?     How  many  to  define  a  small  circle? 

5.  Is  there  any  natural  reason  for  counting  azimuth  along  the  hori- 
zon westward? 

G.  What  are  the  horizon  coordinates  of  the  north  pole  at  your  latitude? 

7.  Estimate  the  horizon  coordinates  of  the  sun  at  10  o'clock  this 
morning;  at  10  o'clock  this  evening. 

H.  Verify  the  diurnal  motions  of  the  stars  by  observing  the  increase 
in  altitude  of  eastern  stars  during  an  evening. 

9.    In  what  direction  do  the  stars  under  the  pole  move? 

10.  At  what  points  on  the  surface  of  the  earth  must  an  observer  be 
in  order  that  the  first  set  of  circles  in  the  horizon  and  equator  systems 
shall  coincide?  What  is  tlie  relation  of  their  second  sets  of  circles  for 
these  points? 

11.  How^  are  the  horizon  and  equator  systems  of  coordinates  related 
for  an  observ'er  at  the  earth's  equator? 

12.  Why  is  it  simpler  to  count  right  ascension  eastward  than  it  would 
l)t!  to  count  it  westward?  W^hy  not  count  it  ))oth  eastward  and  west- 
ward, as  lonj»itude  is  counted  on  the  surface  of  the  earth? 

I'J.    How  long  does  it  take  the  sky  to  turn  1  degree? 

14.  How  far,  in  angular  measure,  does  the  sky  turn  in  1  minute? 

15.  Make  a  smooth  pinhole  through  a  large  piece  of  stiff  paper.  Hold 
it  perpendicularly  to  the  rays  of  the  sun  and  another  paper  at  a  con- 
venient distance  back  of  it.  An  image  of  the  sun  will  appear  on  the 
second  piece  of  paper.    Keep  both  of  them  stationary,  and  observe  bow 
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long  it  Uket  the  nun  to  move  through  its  diameter.  From  thin  compute 
\^4^  angular  diameter.  From  the  angular  diameter  find  the  relation 
|ietw<*rn  the  linear  diameter  of  the  auu  and  ilA  distance  from  un. 

It).  Invent  a  niniple  apparatus  for  showing  that  the  stars  cross  the 
meridian  nearly  4  minutes  earlier  every  night  Use  stars  near  the 
et^uator.     What  rpsults  do  you  get? 

17.  Would  it  nctt  have  lieen  more  appropriate,  from  comparison  with 
the  Kvntem  U8e<l  in  geography,  to  have  interchanged  the  names  of  the 
OHtnlinaten  in  the  e<)uat<>r  and  ecliptic  systems? 

IH.    Fill  in  the  following  table: 


I»Kri3VBD  av 


Fr^cDAMKsrrAL 

Tiki  LK 

Ammm-iatbdC*ik 
TLBS  i^w  First 
8aT 


SErf»5ri>  8rr  or 

ClB4  L» 


Fiarr   Coobdi- 

JCATBS 


Srtowd    Coob- 

DIBATBB 


CiarLBB  Fdcbd 

OB  MOVABLB 


(tBOGBAPRICAL 

Ststbm 


notation  of 
the  earth 


HOBIZON 
SVSTRM 


KgCATOB 

Ststkm 


Ei'Lirrw 
Systbm 


K<}uator 


*))^^   V 

/ 


,    4 


Parallels  of 
latitude 


Meridians 


£av;.K7''-""''-i^*r 


latitude :  N., 
if  north ;  S., 
if  south 

longitude, 
counted  both 
eastward  and 
westward 


■— ^ 


•  / 


;■■     / 


1      • 


Fixed  on  sur- 
face of  the 
earth 
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26.  Method  of  locating  the  Defining  Elements  in  the  Horizon 
System.  —  It  is  absolutely  essential  for  practical  astronomy 
to  be  able  to  locate  the  defining  points  and  lines  of  the  vari- 
ous systems  used.  An  exposition  of  the  principles  of  these 
methods  will  greatly  assist  in  obtaining  the  necessary  mastery 
of  this  part  of  the  subject. 

In  the  horizon  system  it  is  necessary  to  know  the  zenith 
and  the  north  and  south  points.  The  angular  distance  from 
the  zenith  to  an  object  can  be  measured,  and,  therefore,  its 
altitude  found  by  subtracting  this  distance  from  90**.  As  a 
matter  of  fact,  the  horizon  is  not  directly  used  except  in 
determining  the  position  of  a  ship  at  sea.  The  north  and 
south  points  can  be  found,  when  the  zenith  point  is  known, 
after  the  position  of  the  celestial  pole  has  been  determined. 

The  position  of  the  zenith  is  found  from  the  direction 
which  a  plumb  line  takes,  but  astronomical  instruments  can 
not  be  put  in  adjustment  with  any  considerable  degree  of 
precision  by  tliis  method.  The  surface  of  a  stationary  fluid 
is  perpendicular  to  tlie  direction  of  a  plumb  line,  and  the 
determination  of  the  horizontal  can  be  quite  accurately  ob- 
tained from  this  principle  by  means  of  a  level.  Then,  by 
means  of  a  graduated  circle,  the  zenith  point  can  be  found. 
E  But  the  most  accurate  method,  and  the  one  actu- 
i-fp^  ally  in  use  in  work  of  much  precision,  is  to  find 
when  the  telescope  is  pointed  at  tlie  nadir  by  means 
of  reflection  of  the  reticle  (Art.  79)  from  a  basin 
of  mercury. 

In  the  figure,  JE  is  the  eyepiece,  R  the  reticle, 
which  consists  of  a  number  of  parallel  spider  lines 
(it  is  sufficient  to  consider  one  here),  0  is  the 
objective  of  the  telescope,  and  Mthe  basin  of  mer- 
cury. When  parallel  rays  come  into  the  telescope 
through  the  objective,  they  converge  at  It,  Conse- 
quently, when  the  telescope  is  pointed  exactly  at  the  nadir, 
the  light  from  Ji  will  pass  down  to  0  and  emerge  in  parallel 
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fines.  From  Jffil  will  l>e  refltioteU  ami  [uMti  bnck  over  thi> 
MUtw  paths.  When  ihv.  I«lBwui>e  im  nut  exactly'  in  thv  verti- 
cal, the  reticlo  tuid  iti>  rvtiii-lod  iniH^  will  nut  coincide,  and 
tlu-r  ore  l<i  lx>  brotiglit  intu  coincidence  by  a  Hlow-motion 
acnvr.  When  the  tcleiico[)e  ia  inonntod  on  »n  axix  farrying 
ailiintod  oire Ie!«,  after  t)io  nadir  reading  in  bikt-n,  the  hori- 
1  ;.n.i  ni-nilU  oun  !«•  f-.nn.I  1  Kit.'.  Sit). 
'  17.  Method  of  locating  the  Defining  Elements  In  the  Eqiui- 
r  System.  — Thu  I'U-nirnta  to  U>  IrH-ated  aru  the  pqiiator.  (ir 
pah-,  and  the  vernal  equinox,  lly  the  definition  of  the  latter 
it  call  be  found  only  in  connection  with  ttie  ecliptic  nystem, 
•od  it*  CMOvideratiou  will  therefore  l>e  deferrwl  until  the 
pst  article. 

f  To  find  the  eeliMtia]  ]X)Ie  oonsidor  one  of  the  circunipolar 

-  PoUriM,  for  example.     The  center  of  the  circle  which 

~it  dencribea  (set-  Fig.  12).  when  corrected  for  n-fractinn  and 

other  errors  which  enter,  in  the  ]H>le.     The  celestial  equator 

ia  the  great  circle  Wf  front  the  jMtle. 

Annllier  definition  of  the  ei)ualor  ia  that  it  in  the  circle  of 
inlentection  of  the  plane  of  the  earth's  equator  with  the 
oaltnlial  sphere;  and  from  this  it  follows  that,  as  seen  from 
igiwD  place  on  tbo  earth's  surface,  it  always  crosses  iha 

idiati  at  the  same  altitude, 
E  The  canliiLul   pointa,  and  therefore  the  meridian  of  the 
iorixim  aysleui.  ran  »ow  Ih*  l>H-ut«'d  from  ilicir  detiriitiou  as 
givi-n  in  Arl.  J.'I. 

38.  MirthMl  of  locating  the  Defining  Elements  in  the  EcUptk 
System.  — The  elcinnils  to  be  fi>uud  are  the  ecliptic  and  llie 
equitioxes.  The  methixl  of  finding  the  ecliptic  was  ex- 
plaiiie<l  in  Art.  'i4.  If  a  map  of  the  stars  luw  been  made 
[>revtously,  the  apparent  )iath  of  Uie  sun  hnraiig  ttiem  will  be 
givim  by  thr  olwrralions. 

The  vemal  (t|uinox  is  (he  place  where  the  eeliptio  cats 
^^fae  eqaalnr  from  south  to  north.  It  is  found  by  eomparing 
^^■t  aHituds  of  the  sun  m  it  daily  onmes  the  nioridian  with 
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that  of  the  equator.  Suppose  the  sun  is  at  18,  •••,  23 
(Fig.  14)  on  March  18,  •••,  23,  respectively,  as  it  crosses  the 
meridian  of  the  observer.  The. vernal  equinox,  which  is  de- 
noted by  the  symbol  T,  can  be  found  by  drawing  a  smooth 

curve  through  these  points. 
22  "  A  grapliieal  process  is  subject 

• « ^QUArm   iq   errors    in    the  drawings. 

•    20  Actually,  numerical  processes 

's  are  employed.     The  declina- 

tions and  distances  of  the  sun 
in  right  ascension  from  some  fixed  star  (see  Art.  24)  are 
measured  day  by  day.  Thus,  suppose  tlie  declinations  on 
the  dates  above  are  respectively  -  1°  1'  30",  -  0''  37'  47", 
-0°14'4",  +0°1)'38",  4-0°  33' 18",  4- 0°  56' 58",  and  a 
corresponding  set  of  distances  in  right  ascension.  From  this 
set  of  numbers,  by  a  systematic  process  called  interpolation^ 
the  time  at  which  the  declination  was  zero  can  be  found  with 
an  accuracy  corresponding  to  tliat  of  the  observations.  The 
date  now  being  known,  the  corresponding  distance  in  right 
ascension  from  the  fixed  star  can  be  found  from  the  set  of 
distances  in  riglit  ascension  by  a  little  different  application 
of  tlie  process  of  interpolation.  Suppose  the  vernal  equinox 
is  120°  8' 30''  (i.r.  8  hv.  0  m.  34  sec.)  west  of  the  star 
wliich  has  been  used  as  the  basis  of  measurement.  Then 
the  right  ascension  of  this  star  is  8  hr.  0  m.  34.  sec.  The 
distances  in  right  ascension  of  any  other  stars  may  be 
measured  from  this  one,  from  which  their  true  right  ascen- 
sions mav  be  found. 

This  completes  the  determination  of  tlie  defining  points 
and  circles  upon  which  all  astronomical  observations  of  posi- 
tion depend.  It  is  to  be  understood  that  only  the  essence 
of  some  of  the  methods  has  been  given,  and  that  there  are 
many  details  which  must  be  considered  in  practical  work, 
and  which  increase  the  accuracy  of  the  results  to  a  remark- 
able  degree. 
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S9.  Relation  of  the  Position  of  tbe  Observer  to  the  Altitude 
of  the  Pole  and  of  tbe  Equator  on  the  Meridian.  —  Fij^un-  l.'i 
rvpivMntt  a  iiK'n-liiui  miIioii  of  tin:  uiiitli  lliiinigli  tliv  jiluoc 
of  tli«  oltttcrvvr.  0.  Tlic 
|(l«iie  |iuMW«  tliruugli  tho 
piilitr  axis  uf  t1it>  irartli  and 
cuta  the  jilane  nf  tbe  bori- 
Kuu  in  tbe  lint!  iimrktHl 
••  borizon,"  and  llio  plane  "*■ 
af  tlw  eqoator  in  tlio  lino 
ttiarkiMl>*toe(|uat«r."  Tbe 
poUr  axia  really  points  to 
thr  iMile  of  tbe  beaTeiw, 
liiit  the  slant  nnt  »o  rfniotv 
lliat  a  luirallrl  line  from  0 
mnv  1m-  IUH.-1]  in  itit  st«Bil. 
Thnt  is,  as  Boeu  from  the 
(luttanuc  of  the  stura,  tlie 
radina  of  tlw  earth  sulitemU  an  anf^li'  sn  stiial!  llinl  it  can  not 
bo  me— iinwl  hy  any  kiinwn  nn-ans.  When  h  nearer  ohjevt, 
as  the  iBOoiu-  ia  ulMer\-«l,  corrections  must  be  applied  for  Uie 
(toaitiou  of  the  observer.  Tbe  corrcapondiiiff  statements  are 
true  for  the  ec|ualor. 

Tho  an^flti  (  is  tite  latitude  of  lliv  obtierviT  at  0.  n  is  the 
altitude  »f  tlie  [iolt<  na  »wr\  fnim  this  plai'e,  nml  m  \m  tbo  nlli- 
■  mil*  of  Ihe  ir4]iinior.  Il  follows  from  thv  prini-ipk-s  of  plnnv 
Ui-omL-tr>'  tlml  n  =>  /  and  m  =  f*{f*  —  I.  For  L-xnmple,  siipftosn 
lh«  latitude  of  lhtvpla>.-t>  of  ohscrvntioD  is  40° ;  then  tbe  alti- 
xwie  of  the  pole  from  the  north  jtoint  is  41)°. and  the  altitude 
of  the  equator  wherv  it  crosaea  the  meridian  is  S^i*.  Tbe 
c<)UBtor  ami  horiiuin  are  firi'at  i-ircles  and  consequently  bisrat 
eavh  other,  and  itince  tbe  vignutnr  cuts  the  meridian  perpen- 
dicuUrljr.  they  iutpravvt  in  the  cast  and  wcat  pointa.     The 

lations  amon^  tb«  rcfercnoe  points  and  linca  are  illustrated 
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In  tlie  figure  NESW  is  the  horizon  circle  with  its  cardinal 
points,  Z  is  the  zenith,  P  and  P'  are  the  poles,  ^^TT  is  the 
equator,  NV  is  the  portion  of  sky  always  visible,  and  SI  is 
the  portion  never  visible. 


30.  Finding  the  Horizon  Coordinates  when  the  Equator 
Coordinates  are  Given.  —  As  was  stated  in  Art.  26,  the  equa- 
tor system  of  coordinates  is  much  more  convenient  than  the 
horizon  system  for  catalogues  and  general  descriptions  of 
position,  and  it  is  ahnost  invariably  used.  Suppose  one 
should  read  in  a  daily  })aper  tliat  a  new  comet  visible  to 
tlie  unaided  eye  had  been  discovered.  Its  position  would 
be  described  by  its  ri<jfht  ascension  and  declination.  He 
would  want  to  see  it,  but  it  is  i)robable  that  he  would  be 
unable  to  tell  when  it  could  be  seen  and  in  what  part  of  the 
visible  sky.  The  method  of  solving  such  problems  as  this 
will  be  treated  in  this  article.  There  are  also  direct  appli- 
cations which  will  be  given  in  connection  with  the  chapter 
on  telescopes.  The  exact  solutions  in  general  depend  upon 
spherical  trigonometry,  but  this  is  not  needed  in  handling  a 
telescope  or  in  ordinary  work  with  unaided  vision. 


BtFtRXyCK  POISTH  AMi  LITTES 


SappoM  the  riuht  tutcoiutioti  ai)(]  {Ivcliiintion  of  a  ool«stial 
ob)t<ct  ara  f^v*^"'  lo(^th«r  witli  tli«  latitude  uf  the  obtscrvnr, 
the  time  of  ypur.  and  Uih  time  of  day :  tbo  altitude  and  azH 
muth  ant  retiuired.     This  problem  will  be  aolved   in  four 

^V^  (1)    Tkf  right  HMCtnnon  of  the  lun  oh  the  ilntt  in  quftlion, 
^^ftbt  found  fnttu  obi»er\-Mtioii  tbat  tbo  sun  imuwi-k  th<<  vrmal 
^BfoiDox  on  March  '21.     (Tliia  dote  may  vary  n  <luy  bocanae 
^Tif  leap  year,  but  it  will  be  aufficieDtly  a<^curftte  for  prewnt 
pur|HiK«  to  use  March  ^1  in  nit  cases. )     Inn  rear  the  nun 
movea  (apparently,  of  course)  around  tlie  shy  2i\  hourit  in 
right  aaoenaion.  or  at  the  average  rate  of  2  hourx  a  month. 
r«n«e«)uentl>\  to  find  the  right  axcciuniiin  uf  tho  sun  nt  any 
ilatA,  count  the  nunilier  of  ntontbs  from   March  31  and  mul- 
tiply the  ntsult  by  '2.     Thus,  OctnlH*r  l>  is  6}  montlis  from 
Marrh  SI.  and  tliv  ri);ht  ascension  of  iIih  sun  ou  this  date  ia 
about  18  houra.     The  r»o*s  motion  in  right  aacoiwion  is  not 
perfectly  uiiiforra.  so  the  results  obtained  are  slightly  in- 
cxart, 

( 3)  Tht  rijfhl  aaf*n»itm  iif  thr  mfriiHati  at  tkt  ffivrii  timt 
af  dnjf.  It  will  be  HUpposeil  tbat  the  right  usct^nsion  of  tlin 
sun  haa  becu  found  by  step  (1).  In  the  ui-xt  steps  one 
must  lnugine  the  linvs  on  the  celestial  sphi-rr,  and  nothing 
makea  it  »o  clear  as  actually  to  point  tbem  out.  Suppoao 
the  time  in  question  \*  in  the  evening.  *ay  H  o'clock.  The 
right  asn-rwion  of  X\w  hour  circb*  through  the  stin  is  known ; 
tbe  thing  rrquin*il  is  thi>  right  ascension  of  the  hour  circle 
whicli  ciiincides  with  Ihit  meridian.  It  will  lie  rvmrmlivn-i] 
that  right  ascensiim  ia  eouuleil  eiBstwanl.  Tberefuns  start* 
ing  with  the  aun,  irhich  is  now  beh>w  tlie  wmtem  horiaon. 
and  eoaiRtf  eastward  fi  hours  to  the  nveridian,  its  righl  aiu-en* 
Ki'ia  will  be  found  to  be  K  hours  greater  than  that  uf  the  aun. 
For  example,  lUppoaH;  the  sun's  right  aacvnsion  is  5  hours; 
tberafore  tb«  right  asM-osion  of  tlie  meridian  is  13  hours. 
If  tbe  Rut's  right  iwccnaion  were  IV  bouts,  tbe  riglitaaoeau(»v 
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of  the  meridian  would  be  27  hours,  which  is  the  same  as  3 
hours. 

If  the  time  of  day  is  before  noon,  the  right  ascension  of 
tlie  meridian  is  less  than  that  of  the  sun. 

(3)  The  hour  angle  of  the  object.  Suppose  the  object  is 
east  or  west  of  the  meridian.  A  certain  hour  circle  passes 
through  it,  and  the  angle  between  this  hour  circle  and  the 
meridian  is  called  the  hoiir  angle  of  the  object.  It  must  be 
specified  whetlier  tlie  hour  angle  is  east  or  west,  and  it  is 
generally  simplest  to  think  of  its  magnitude  as  being  defined 
by  the  arc  of  tlie  equator  intercepted  between  the  hour  circle 
and  the  meridian. 

The  right  ascension  of  the  meridian  was  found  in  step  (2) 
and  the  right  ascension  of  the  object  is  given.  Since  one  is 
at  liberty  to  go  either  way  along  the  equator,  the  hour  angle 
can  not  exceed  12  hours.  The  object  is  east  if  its  right 
ascension  is  greater  than  that  of  the  meridian,  and  its  hour 
angle  is  their  diiTerenee.  If  its  right  ascension  is  less,  it 
is  west,  and  its  hour  angle  is  their  difference.  For  ex- 
ample, if  the  right  ascension  of  the  meridian  is  7  hours  and 
that  of  the  object  10  hours,  the  hour  angle  is  3  hours  east. 
Again,  if  the  hour  angle  of  the  meridian  is  2  hours  and  that 
of  the  object  20  hours,  the  hour  angle  is  18  hours  east,  which 
is  the  same  as  G  hours  west.  Hut  the  right  ascension  of 
the  meridian  mav  be  called  26  hours  instead  of  2  in  order 
to  prevent  the  difference  exceeding  12  hours.  Then  the 
hour  aufrle  comes  out  directlv  6  hours  west. 

(4)  Application  (ff  derlination  and  estimation  of  altitude 
and  azimuth.  Let  us  take  special  examples  and  consider  the 
case  first  where  the  declination  of  the  star  is  zero.  Suppose 
that  the  latitude  of  the  observer  is  40°,  and  that  the  hour 
angle  of  the  star  is  4  hours  east.  The  altitude  of  the  equator 
on  the  meridian  is  50°.  Estimate  the  position  of  this  point 
and  keep  one  hand  j^ointing  toward  it.  With  the  eyes  sweep 
oV^ef  the  arc  of  the  equator  reaching  from  this  point  to  the 
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flaot  point  of  the  horiu>ii.  Tbe  JistaQce  in  one-quarter  nf  a 
circanifvrenc«,  or  d  Iiourti.  Since  the  knur  angle  m  4  hours 
«mM,  it  is  two-thirtU  uf  tliis  diittHiice,  which  tti  to  bt^  CHtinuit<<ii. 
Tbin  iii  the  point  occupivd  by  the  object,  uml  in  tho  prvsont 
vXampte  iu  nltituclo  and  uzimutli  are  about  ii"  and  2^0" 

iSu[i)H)«e  now  ibnt  the  declination  iH  +ftU'and  that  the 
ntber  ilaU  are  the  «aine.  Keep  one  band  ixiinting  at  tbe 
place  on  the  equator  previously  found,  and  lo<-nte  the  [xile, 
which  ia  dirvctly  in  the  north  with  an  altitude  of  40°.  The 
dijrtane«  from  the  equator  to  the  pole  is  90°.  Start  from 
the  jxiint  on  the  equator  at  wbieb  the  hand  in  pointing  and 
follow  alonjf  an  hour  circle  toward  the  pitle  a  diatancv  equal 
to  th«  drclinntion  of  the  otijoot.  Thiti  itt  the  [xiinl  i>t-eu- 
picd  by  the  object,  and  itJi  altitude  iind  azimuth  nre  to  b« 
eatimatcd.  In  the  present  example  they  are  about  40*  and 
Sdo*  rMpcctivety. 

An  Mtrooomical  glolw  is  of  great  assistance  in  this  work, 
and  every  school  should  [lossesB  one,  but  it  should  not  bo 
allowed  to  supplant  the  actual  jminting  at  the  sky  which 
liaa  jnst  been  di^acribetl.  There  is  nothing  else  that  so 
tbnrttughly  fIXM  the  ideas  in  one's  mind  and  develops  the 
imaginatiiNi  which  is  so  essential  in  much  of  tho  work  in 
■■tninomy. 

Dltutritlve  Sxample-  —  An  illustrative  exanijile  of  as 

Biplinttit)  4  ty]>e  ua  will  arise  will  now  be  sidved.     Sup- 
■  thii  ilnta  ore: 

Right  aaccnslou  =>  m  (Greek  letter  alpha)  =  3  hr. 
Declination  =  &  f (in-ek  Wter  della)a  +  76*. 
Time  of  year  =•  7*=  Veb,  5. 
Time  of  day  =  (=  I  o'clock  .\.u. 
Latitude  of  observer  »/>>'.  40*. 


B  fnllowiRg  arv  the  succrasive  steps  of  the  sidutlan : 
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(1)  The  time  from  March  21  to  February  6  is  10.5  mouths ; 
therefore  the  right  ascension  of  the  sun  is  21  hr. 

(2)  The  time  of  day  is  5  hours  before  noon ;  therefore 
the  right  ascension  of  the  meridian  is  21  hr.  —  6  hr.  = 
16  hr. 

(3)  The  right  ascension  of  the  object  is  3  (or  27)  hours ; 
therefore  it  is  11  hours  east  of  the  meridian. 

(4)  It  is  simpler  in  this  case  to  count  from  the  anti- 
meridian^  for  the  object  is  only  1  hour  east^  from  it.  It 
is  also  simpler  to  use  the  polar  distance  than  it  is  to  use 
the  declination,  for  the  object  is  only  15**  from  the  pole. 
To  find  the  object,  start  from  the  pole  and  go  down  along 
tlie  hour  circle  which  is  1  hour  east  of  the  antimeridian. 
The  altitude  and  azimuth  are  approximately  25**  and  185** 
respectively. 

32.  Finding  the  Equator  Coordinates  when  the  Horizon 
Coordinates  are  Given.  —  There  are  many  variations  of 
the  problems  which  have  just  been  treated,  and  one  more 
case  will  be  explained.  More  variations  are  given  in  the 
appended  examples,  which  should  be  carefully  worked 
out. 

This  problem  of  finding  the  equator  coordinates  when 
tlie  horizon  coordinates  are  given,  will  also  be  solved 
in  four  steps.  Tiie  first  two  are  the  same  as  before.  They 
give  the  right  ascension  of  the  meridian  at  the  given 
time. 

Ql)  I)eterriunation  of  the  dedination  and  hour  angle.  From 
the  altitude  and  azimuth,  locate  the  position  of  the  object 
and  keej)  one  hand  pointing  at  it.  Starting  from  the  pole, 
sweep  the  eyes  along  the  hour  circle  which  passes  through 
the  object,  and  note  wliere  it  strikes  the  equator.  This  point 
must  l)e  ke[)t  in  mind.  The  distance  from  the  star  to  the 
equator  is  the  declination,  being  positive  or  negative  accord- 
ing as  it  is  on  the  north  or  south  side.     Count  from  the 

^  That  is,  eaat  as  seen  by  the  observer,  but  really  west  in  the  sky. 


itKFKiig.vrK  rttiyrs  axu  /./.v» 


^ 


|inint  whure  tlie  hour  circlp  strikes  tbo  equutor  nlim);  the 
«^}iwtor  to  thu  nieriilinii.  The  ilistaime  in  lidiin*  is  the  hour 
•nglc,  which  muv  W  cither  eaut  nr  wi^st. 

(4>  Finding  the  ri-jht  a»f ration.  Tlio  right  aaceiiaion  of 
mcriiiun  and  lliu  hour  iiiij^Io  of  \\\o  object  are  now 
rovn.  ir  the  hour  angle  is  caAt.  the  required  right  uicon- 
in  is  their  sum ;  nnd  if  the  hour  angle  is  west,  il  \»  their 
fcrence.  If  the  right  ascension  of  the  meridian  were  Bniall, 
I  2  hourm  and  if  the  hour  angle  were  went  and  considerable, 
&  iHiam,  2-4  houre  would  have  to  Ira  added  to  the  former  in 
der  to  Icwp  thi'  result  [>oititivc. 

QCnTIOHB  Um  KXPERmilTS 

■1  a  pencil  ai  Brm'*  l<-ii)^i  Iwtwirn  \-our  rjii  and  a  mlrntr. 
W  tine  from  Jiiur  nye  tliru(i);b  tbp  point  i>[  the  jvnrjl  prrpen- 
Jht  BunwT  (t'nai|«rw  thU  «x|wruiit-nt  with  thr  {iniblxm  of 
tamith,  Pis.  t^) 

.  fan  dirriM  a  iiini|ili)r  wt  of  utepi  than  that  giren  fur  lulviag 
i(«d  in  Art.  Wl    If  vo,  ^u  should  u<e  iheia. 

.„ 1«  hr„  1=0-.  r  =  J..lj  VI.  f  =  8  V.M..  I^-S.VC: 

alttlnda  and  aaimuUk     (Sw  Art.  8t  far  meaning  at  m.l,T,  I, 


t  hr„8  =  (r.  rsXor.SI,  1  = 
and  RSJmatli.    ^Tbat  wouU  b*  tb*  ai 


,  r=Ang.  21.   f  =  8  a.H.,  /=* 


f^om  M  of  Mit  B  tl  hr^  i  of  mun  a  2aX>°,  T  =  .lane  21,  i  s  mid- 
N,  4V :  «nd  Um  alUtuik  and  uimutfa  ot  thr  aun.    IVtial  ia  Um 


sBhr-i^O*.  r=M«y21.  *  =  KP.»i,/=S.10»;  find 
■  altilad*  and  aiinulk. 


m  =  nht..i^O;  T^f*et.9.l=S.Vf:  at  what  Uaiaof 
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10.  Suppose  a  =  1  hr.,  8  =  0°,  ^  =  9  p.m.,  the  object  is  setting ;  what  is 
the  date  ? 

11.  Suppose  the  zenith  is  in  question,  7'=July  21,  <=nooii,  /  =  N.40°j 
find  a  and  3.     Find  the  same  for  the  nadir. 

12.  Do  any  stars  as  seen  from  any  place  on  the  earth  move  in  vertical 
circles  in  their  diurnal  motions? 

13.  Are  there  any  places  on  the  earth  from  which  the  apparent 
diurnal  motions  of  the  stars  are  along  the  parallels  of  altitude? 

14.  If  the  earth  revolved  around  the  sun  in  the  opposite  direction, 
what  changes  in  counting  the  coordinates  would  be  necessary  to  preserve 
simplicity  ? 

15.  What  changes  in  counting  the  coordinates  would  be  required  if 
the  earth  rotated  in  the  opposite  direction? 


U.^mS       .  ^.^ 
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THK  COySTEU.ATIONS 

33.  Oiigiii  of  CoutellAtlons.  —  A  moiaent'a  obficrTation  of 
the  ftky  tin  a  clear  au<l  mniiiilt^M*  night  will  nhow  one  that  the 
fttan  are  not  UDifomily  sciilU'red  ov^r  iut  fiiirfnre.  Kvory 
fot  u  acqtiaiDted  with  such  f^ruupM  n»  the  Dig  Dii^jHT  and 
lh«  Plriadcs.  ThiM  nataral  gruiiping  wn«  nnticf)  in  [in-hiM- 
loric  times  and  waa  uf  motr  intiTstit  tu  primitive  [HtiplcM, 
Bpiaiding  their  lives  in  the  open  nir  under  skies  which  were 
De«riy  always  dear,  than  it  in  (o  the  nrdinary  person  in  this 
age  uf  bnoaea  and  artilicial  lights.  Kesidea,  the  nurjents 
were  highly  itnaginative  and,  like  children,  they  secur»l  a 
■urt  n(  eoupaaiaiiship  for  tJiemiwlves  by  aeeing  all  sitrla 
of  Uriog  enaiurea  in  inanimate  (ihji^:ti«,  and  they  often  wove 
about  thea  the  moat  fantastic  romances.  Ther  auw  in  the 
natural  ag^iegationa  of  stam  the  forms  of  all  sorts  of  animals, 
wboae  name*  were  given  to  the  groupx.  or  coutttUati^Ha. 
Only  a  few  oonateUationi«  have  been  added  in  nio<lem  times, 
except  in  that  part  of  the  southern  sky  which  was  alwaya 
ioviniMe  to  ancit-nl  oliservers. 

M.   RamlBC  tbe  Stara.  —  The  ancients  gave  proper  names 

<  many  uf  the  stars  and  descrilietl  the  ullien  by  their  rela- 
■n  t<i  tlic  anatomy  of  the  livtitionx  ereatnn)  in  which  Ihey 

<  re  Bupftosed  to  lie  sittiated.  Tlius,  there  were  Sirtu»,  AU 
I  r,  Vega,  etc.,  with  projwr  names,  and  "the  star  at  the  rn*) 
■  tlie  tail  o{  the  Little  Hear  "  <  I'olaris).  "  the  star  in  the  eye 

the  Bull"  (Atdehamn),ete.,deRignaled  by  their  positions. 
h,  rii'iltrii  till!,-,  tij.'  riitmcii  of  forty  or  fifty  of  the  moat 
h]      .'iM  -(  ir-  ,l:      i-il  very  fnMjuentljr;  th«  c«taa\nAKC 
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are  designated  by  letters  and  numbers.  A  system  in  very 
common  use,  which  was  introduced  by  Bayer  in  1603,  is  to 
retain  the  ancient  constellations,  and  to  give  to  the  stars  in 
each  constellation,  in  the  order  of  decreasing  brightness,  the 
names  of  the  lettere  of  the  Greek  alphabet  in  their  natural 
order.  In  connection  with  the  Greek  letter  the  genitive  of 
the  name  of  the  constellation  is  used.  Tlius,  tlie  brightest 
star  in  the  whole  sky  is  Sirius,  in  Canis  Major.  Its  Greek 
letter  name  is  Alpha  Canis  Majoris.  The  remarkable  vari- 
able star,  Algol,  is  the  second  brightest  star  in  Perseus,  and 
in  this  system  is  called  Beta  Persei.  When  the  Greek  let- 
ters are  exhausted  the  Roman  letters  are  used,  and  after 
them  numbers  are  given  to  the  stars  in  the  order  of  decreas- 
ing brightness.  There  are  some  exceptions  to  this  arrange- 
ment, such  as  the  lettering  of  the  stars  in  the  Big  Dipper. 
(Sec  Fig.  18.) 

Another  method,  adopted  by  Flamsteed  about  1700,  is  to 
number  all  the  stars  catalogued  in  each  constellation  accord- 
ing to  their  right  ascensions,  and  independently  of  their 
magnitudes. 

Still  another  method  is  to  pay  no  attention  to  the  constel- 
lations, hut  simply  to  give  the  number  of  the  star  in  some  of 
the  large  star  catalogues.  This  is  used  especially  in  the 
hundreds  of  thousands  of  small  stars  which  have  been  cata- 
logued. Bayer's  system  for  the  brighter  stars  and  the  star 
catalogue  number  system  for  the  fainter  ones  are  now  very 
generally  used. 

35.  Star  Catalogues.  —  Star  catalogues  are  lists  of  stars, 
usually  all  above  a  certain  brightness  in  certain  parts  of  the 
sky,  together  with  their  right  ascensions  and  declinations  at  a 
giv(?n  epoch.  It  is  necessary  to  give  the  epoch,  for  the  stars 
Hl(»wly  *Mlrift"  with  respect  to  each  other,  and  the  reference 
points  and  lines  are  not  absolutely  fixed  in  position. 

Thr  earliest-known  catalogue  is  one  of  1080  stars  by  Hip- 
I)arehns  (180-110  n.c.)  for  the  epoch  125  B.C.     Ptolemy 
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ulTO  A.l>.)  rvviiicd  it  anil  reduced  the  star  pliu-es  to 
)  150  A.n.  Tycho  Hralie  (154tJ-ll501)  made  n  catd- 
e  uf  1U05  Stan  in  1>')80,  itnd  shwe  that  titne  they  harv  bo* 
r  quite  numvrotw.  vVmun^  these  iriay  bti  incntioiied  thut 
I  UUnde  (1732-tS07),  47.SltO  starn ;  of  ArKchiuder  (1799- 
o>,  whose  M-orlc  iias  been  utready  referred  tn,  824.19K 
»:  of  SclioMfeld  (18-28-1891  >,  who  extended  Argelmider'a 
(  to  a  portion  of  the  southern  sky,  ISSiCid  fttunt;  and  of 
H18:i4-l((y6).  in  Argentine,  32.468  stars.  These  cata- 
I  very  extensive,  but  they  do  not  give  the  positions 
I  with  the  high  degree  of  [trecision  demanded  iu 
f  the  iu<»«leni  Work. 

t  mn  MTveml  eatnloguon  containing  fniui  A  few  hnti- 
I  to  A  fvw  thousand  stars  whoso  positions  have  \x>vn  dv 
minsd  wilh  llie  hijfhest  possible  degree  of  occumcr. 
'  TIw  pmjecl  of  photographing  the  whole  heavens  by  inter- 
I  t»M'tjK>ratiou  luu  Iteen  mentioned.  Each  plate  will 
nrer  four  itqtiftre  degrees  of  the  sky,  and  since  tliey  overlap 
At  the  whole  sky  i»  photograplied  twiee,  neurly  22,000 
I  will  In-  rr>f|uired.  Whvn  the  position  uf  one  star  on  a 
•  te  knowit,  the  )Kwttions  of  all  the  others  can  bo  found  by 
{  thrif  distances  and  directions  from  it.  On  these 
L.  a  large  imrt  of  which  have  been  tAken,  •one* 
15,000.000  stnnt  will  be  nhown,  although  it  is 
I  now  to  measure  ami  catalogue  only  about  a  million 
I  m  qOATti^r  of  ttu!  briglilvst  of  them. 

Tba  {ibobignphic  catalogue  is  an  indirect  outgrowth  of  tlie 
"  «  of  the  great  comet  of  1S82  tAkeu  by  Gill  at  the 
LOoaxI  Hope.  The  number  of  star  images  obtained  at 
wed  ttie  jioAxibilitieH  of  tlw  melluid.  Plat*^  cover- 
1  the  sky  fn>m  dMlination  —  1 !)°  to  the  wnith  jhiIc  wore 
kined  by  <!ill  in  1881>.  and  the  enormous  labor  of  meajHir- 
I  the  poKitiorLs  of  SoO.OOO  star  images  has  beoa  carried  out 

"  (ironingen. 
90    Xagnltiutes  of  Stars  — The  amount*  of  light  we  ] 
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ceive  from  the  different  stars  differ  greatly,  probably  no  two 
sending  us  precisely  the  same  quantity.  The  magnitude 
refers  to  the  amount  of  light  we  receive  from  a  star  and  has 
nothing  directly  to  do  with  its  actual  dimensions. 

Tlie  stars  which  are  visible  to  the  unaided  eye  are  divided 
arbitrarily  into  six  groups,  or  magnitudes,  depending  upon 
their  apparent  brightness.  The  twenty  brightest  stars  con- 
stitute the  first  magnitude  group,  and  the  faintest  which 
can  Ije  seen  without  optical  aid  are  of  the  sixth  magnitude, 
the  other  four  magnitudes  being  distributed  at  equal  inter- 
vals between  these  two.  It  has  been  found  from  experiments 
that  the  light  received  from  a  first-magnitude  star  is,  on  the 
average,  nhont  100  times  as  much  as  that  received  from  a 
sixth-magnitude  star. 

Iji't  r  be  the  ratio  of  the  light  given  by  a  star  of  one  mag- 
nitude to  that  given  by  one  of  the  next  fainter  set.  Then 
Htnrs  of  the  fifth  magnitude  are  r  times  brighter  than  those 
of  the  sixth  :  those  of  the  fourth  are  r  times  brighter  than 
th(;s*;  <if  the  fifth,  or  r^  times  brighter  than  those  of  the  sixth, 
«-t(;.,  to  th^-  stars  of  the  first -magnitude,  which  are  r*^  times 
bri^lit«*r  tluiu  those  of  tlie  sixth.  But  observations  show  that 
tiny  are  100  tiiiK^s  ])rigliter;  whence  r*=IOO,  from  which 
it  follows  that  r  =  2.ol2  •••. 

Siiire  there  are  stars  sending  us  all  amounts  of  light,  from 
tin*  ljri<(lit(\st  to  the  faintest,  it  has  been  necessary  to  introduce 
frartioiial  ma<(nitudes.  They  are  now  estimated  to  nearest 
tentliH.  A  star  which  is  brighter  tlian  the  average  first-magni- 
tudo  star  has  a  magnitude  smaller  than  unity,  as  0.4,  or  it  may 
1><!  so  bright  ji^s  to  have  a  negative  magnitude  as  —  L2, 

37.  The  First-magnitude  Stars.  —  As  the  first-magnitude 
stars  ar<?  conspicuous  and  relatively  rare,  they  serve  as  sort  of 
guide-posts  in  the  study  of  the  constellations.  They  are 
giv(fn  in  the  following  table  together  with  their  magnitudes, 
positions,  and  colors.  From  their  positions  and  the  principles 
of  the  last  chapter  they  can  easily  be  found. 
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8TAm 

Mau!*i> 

RjOHT 

ABCBsriikkX 

DBTLtyA- 
TIO!»          ^ 

COLOB 

Si  nun ; 

a  Can  it  Ma j oris   . 

-1.4 

6  hr.  40  III.  ^ 

-ir34' 

Bluinh  white 

Arcturuii; 

1 

1 

a  Romit  .... 

0.0 

14 

10 

+  10  48    ' 

Ormnge 

0.2 

lA 

1 

+  38  40    ' 

Pale  blue 

m  A  uri^     •    •    . 

0.2 

1 

8 

1 
+  45  52 

Yellow  Lib 

Rigi^l; 

m  Oriomit     .     .     . 

0.:) 

i 

1 

0 

-    8  20 

White 

a  Arff\i»  .... 

0.4 

0 

21 

i 
-  52  38 

Bluiiih 

True  von ; 

• 

t 

a  f^anit  Min*9rit   . 

0J5 

H:1 

+    5  32 

White 

IWtelgeuiie ; 
P  ChitmiM      .     .     . 

0.0 

1 

40 

4-    7  23 

Kuddv 

a  Ceniauri   .     .     . 

1.0 

'l4 

ai 

.  -  m  2<> 

Whit^ 

Acbernar; 

: 

1 

m  Eritlani    .    .     . 

1.0 

1 

^\ 

1       .»   ., 

White 

AlUtr; 

m  Aqmilm      •    .     . 

1.0 

10 

45 

+  8  ;w 

.  Yellowinb 

Ald^lMirmii; 

• 

1 

1 

A  Tawi     .... 

1.0 

4 

:^) 

f  i«  ifJ 

R*m1 

.Aniiurrt; 

1 
1 

1 

1 

It  Scarpa,    .     .     • 
Pollux ; 

1.1 

1«S 

22 

-2rt  10 

1 

IK^P  red 

/}  firminamm    .     . 

1.1 

•* 

38 

+  2H   10 

Orange 

Spica : 

1 

a  Virginia     .     .     . 

1.2 

13 

10 

-  10  32 

White 

/J  Centnuri   .     .     . 

i         1.2 

.  1-* 

Tm 

-50  4S 

White 

cc  f'ntriM  .... 

1.:^ 

12 

20 

112  2fJ 

;  HhuMh  white 

Fomalhaut ; 

1 

1 

1 

a  PUr%M  A  uMralis  . 

lUI 

!    .J.J 

52 

-  30  liJ 

Kuchlv 

R^guliu; 
a  i^amis  .... 

1.4 

'  10 

2 

+  12  X\ 

White 

Ik*iieb; 

1 

I 

a  C9$ni  .... 

1.4 

20 

3H 

+  44  5:J 

Whito 

52 
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38.   The  Number  of  Stars. — The  number  of  stars  in  the 
first  six  magnitudes  are  :  — 


1st  magnitude 
2d  magnitude 
*^d  magnitude 


20 

05 

100 


4th  magnitude  . 
5th  magnitude  . 
6th  magnitude  . 


425 
1100 
3200 


Eacli  fainter  magnitude  has  approximately  three  times  as 
many  stars  as  the  preceding  one,  and  there  are  all  together 
about  200,000  stars  in  the  first  nine  magnitudes.  They  all 
can  be  seen  with  a  good  telescope  a  little  more  than  one  inch 
in  aperture,  while  only  about  5000  are  visible  with  the  un- 
aided eye.  Only  a  rough  guess  can  be  made  respecting  the 
number  of  stars  which  are  still  fainter,  but  there  are  probably 
more  than  100,000,000  within  the  range  of  present  visual  and 
photographic  instruments. 

39.  Proper  Motions  of  Stars.  —  The  stars  have  motions  with 
respect  to  each  other  wliich  in  the  course  of  immense  ages 
change  tlie  outlines  of  the  constellations,  but  which  during 
historic  times  have  not  been  important.  Yet  they  are  large 
enough  so  that  they  must  be  known  and  the  corresponding 
corrections  applied  in  catalogues.  The  motion  with  respect 
to  a  fixed  system  of  reference  lines  is  called  proper  motion. 
Tlie  greatest  proper  motion  known  is  that  of  an  eighth-magni- 
tude star  in  the  soutliern  heavens  which  drifts  in  the  sky 
about  X.l"  yearly.  The  ineffectiveness  of  even  this  largest 
known  motion  in  changing  tlie  general  appearance  of  the 
constellations  can  be  seen  from  the  fact  tliat  it  would  take 
this  star  nearly  '220  years  to  travel  over  an  arc  equal  to  the 
apparent  diameter  of  the  moon. 

The  stars  also  have  motions  toward  and  from  us,  to  be 
discussed  later.  These  motions  in  the  course  of  time  change 
the  magnitudes  of  the  stars  appreciably,  but  their  effects  are 
not  meararable  for  thousands  of  years. 
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4D.    Tht  lfnk7  Way,  or  Galaxy.  —  The  Milky    IFay  is  a 
hazy  Ixuitl  o(  IJgiit,  nvi-ra^ing  hIhiiiI  130*  wide,  stretching  in 
nearly  a  great  circla  ontirel^-  arDiiml  th«  sky.    Tlie  telescope 
mhowa  that  it  is  made  u]!  of  an  eiioniitms  iiuinU^r  of  omnll 
Stan  whicli  can  be  «JiMirately  iliatinguishinl  only  with  opli- 
rxl  ai<l.     It  interaecta  the  equa- 
tor at   the  points  whose   right 
aaernaiona  are  ti  hr.  47  ni.  ami 
18  hr.  47  m.,  nnil  its  ini.-lii)ii- 
tion  to  the  i.-quat<>r  \*  iiWitit  i>3'. 
lu  north  i>ol«  is  at  right  bmi-uo- 
•ioa  12  hr.  47  m.  anil  <)o(-lina- 
tiva  +  3J*.    Its  bonlent  ttn;  vory 
irrpguUr  anil  it  im  ilivi<k-<l  for  a 
long  distance  into  two  parts.    It 
in  eren  cut  entirely  across  by  ii 
(lark  Htrvak  nt-ar  the  >i*)iilh  [mli-. 
Th*  "  aiar  gaugi's  "  of  ihi*  ilt-r- 
■chrU  hUuw  lliat  the  stare  an- 
marh    mure    numerous    in  the 
Milky  Way  than   they   arw    in 
other  parts  of  thi^  sky. 

41.  Tbe  CoastetUdons  aad  their  Positions. — The  prcced- 
iui,'  work  is  Nudit-ieiit  tiipn'[mrf  one  to  Htinlylho  constellations 
with  interest  and  profit,  and  ho  should  not  stop  short  of  an 
actual  aeqnainlance  vrith  all  the  Arst-cnngnituile  stars  and  the 
prim-ipal  roastollatiotm  whleli  arc  visible  in  his  latitutlc.  The 
following  tahle  of  rontit«-llations  and  their  positionH  is  taken 
from  Young's  "Klcments  of  Astronomy."  The  numltem  nt 
tlie  top  show  the  degrees  of  dwiination  l*etwi>t;n  which  thn 
CNinstalhiliona  lie.  the  Kornan  numerals  nt  the  left  show  their 
right  uoeniiionm  the  uinntient  aftvr  the  names  give  the  number 
of  stara  in  the  eonsti'lliilions  easily  visible  to  iho  iinaidetl 
I,  the  nanea  of  the  I'ctiptiu  constelUtions  nr^  itaJicixed,  and 

■  nodera  cooitellatiuta  ace  marked  with  aatariaks. 


-Thf  Ullky  Wnr. 
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TIh*  fuHowiiig  ninitH  nhow  ttie  conntellatioait  from  tho  north 
pulv  to  declinnlkm  -.W.  When  Map  I  in  IicM  up  toward 
tb«>  «k.v.  fRcing  north,  it  fthonrs  the  ciroumpnUr  con«t«llntionH 
in  their  Inic  rolations.  Thv  other  mupH  nre  to  be  held 
up  tiiwmrd  the  aky,  facing  the  south. 

(fvtaTioaa 

NoTX.  —  I^  (  b«  the  r»t  lo  o(  lirl^'hlin'"  (>(  a  mUr  to  otwt  on(<~t«ntK  of  ■ 

■n^ntWd*  Iklnt4>r     Tbrti  Uio  l-ri);liti»T<*  o(  ■  kIbt  of  onn  niaKnitudn  )■ 

•*  liflNB  brlghb?r  than  m  aUr  oae  *boM  magiijluiln  (aiiitj-r.     Hut  b  Ark 

18  H  waa found  ibal  llH>nttioo()>ri|{UtiiM«uf  twocotworutlrvnikgDltiidai 

^SJU  -.    Tlwnlurf  •■*  =r  -j.iVJ  ....  wtwnc^  *  =  I.I  —. 

■     I.   Wbat  i*  itw  ratio  of  ttio  liglil  nweivM]  frutn  Slrlus  to  Uiat  raoalved 

■tn  Ahkbanuil' 

^F^  3.    Find  bow  maa;  firat-mattnitude  itan  wtiuld  b«  equWaluit  b  (if 
^bK  ■■■  'ifhfbi  ail  tlir  utan  of  lliv  liril  cU  iua)|ultudeii, 

3.  Uak*  a  lurt  n(  tlip  nmilellatiuu*  whicb  are  irn  tlie  niuridian  ba- 
tBTKii  rijihl  and  iiiiic  u'clurk  in  the  oTtaing  fur  evi-nr  luuiith  in  tin 
^-ar. 

I.  Wliat  |«rt  of  tho  Ay  '»  richuat  in  tlw  ilan  wliicti  an  TJaitib  to 
lltp  uaaidMl  rn.  ? 

A.    Al  wliat  liiiu)  of  thv  vrar  do  th«a«  conatollatioiui  eraai  tliu  mvrid- 
■  al  riflU  uVtiKh  III  thi>  (■vv»iiij{'j 

Whj  arv  lliHn-  vacant  |ilai.-««,  that  la,  f«wifr  oan«tvllation«i  Jn  tfac 
«  ndiimii  iif  thf  lat>t*  1 

Mark  lim  ^ou*t(^llal lima  whiirk  roataiii  firsl-iiisgiiltuittf  ntara. 
H.    niial    niiitlcllaliMna    |«m    lhruu)(b   yuur   tniilh   in   the    (lliinial 
a  ol  iImi  lUnT 
,    It  will  t»>  Mfn  later  that  the  aiju  i*  travfllng  tiNU-ty  toward  thn 
r  Vrgit  la  Lfra.     fninl  in  that  dim'lion  at  jrour  claai  hour.     What 
din«linn   witli    rB|«ct    to    your    horiwn    twelve   houra 
Ulmrl 
t       in.    Al  what  tima  nf  tbe  Jt»T  la  iha  earlli  on  ihe  opgnidte  aide  nf  tha 
Mia  from  Vrtta  t 

I L   Maku  an  otia>fria(  ]i«ii(TaniiiMi  lor  to-aight,  efMMi*tia|[  ut  tha  «an> 

(tollaUocM  lo  W  Hwa  on  thr  iDxTidiaa  awl  thoM>  itasiadiatol}  to  tba  aaal 

aad  wwat,  and  tha  tfiiMrvM  iMNttioa*  of  th«  riminipdar  oonatallBlloaa, 

^^Ifetbar  wtib  all  tha  flril. mafia itado  atara  which  arv  In  all  of  thain. 

^^L12-   Ho*  Rway  of  than  can  yov  Uaatlfjr  on  tlia  ikjt    (Tha  noxt 

^BblH  «(U  aaalat  la  llifa  work.) 
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4S.  How  to  find  the  Pole  Star. — It  is  not  easy  for  an 
observer  to  pick  out  the  (ionstellationa,  unless  lie  is  quite 
familiar  with  theiu,  when  he  does  not  know  the  cardinal 
points.  The  first  thing  to  be  done  in  any  case  is  to  find  the 
pole  star.  It  is  a  second-magnitude  star  in  Ursa  Minor  and 
stands  quite  apart  from  all  other  bright  stars.  Its  altitude 
is  equal  to  the'latitude  of  the  observer, 

Tlie  Big  Dipper  is  one  of  the  most  couspicuous  and  well- 
known  of  the  groups  of  stars.  It  is  a  part  of  the  constella- 
tion Ursa  Major 
imd  is  always  above 
the  horizon  in  the 
latitude  of  the 
United  States  and 
Europe.  It  is  com- 
posed of  seven  stara 
of  about  the  second 
magnitude  which 
form  tlie  outline  of 
a  great  dipper,  and 
"it  can  always  be 
found  without  diffi- 
culty. 

The  stars  Alpha 
and  Beta  are  called 
the  "  pointers,"  for  they  are  almost  directly  in  a  line  with  the 
pole  star,  Polaris,  and  about  five  times  their  distance  apart 
from  it.  Consequently,  when  the  dipper  has  been  found,  it 
3  a  simple  matter  to  find  tlie  pole  star. 

Besides  being  a  sort  of  guide  in  the  study  of  the  sky,  the 
pole  star  is  of  much  interest  in  other  respects.  It  is  a  noted 
double  star,  the  brighter  component  being  a  little  fainter 
than  the  second  magnitude,  and  the  companion  fainter  than 
the  ninth.  Their  distance  apart  is  about  18.5",  It  is  jm- 
poBsible  for  the  unaided  eye  to  sepiirate  two  objects  as  close 
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Fig.  18)  is  about  28**.  This  unit,  which  can  alwava  K^  «^« 
in  our  latitude,  is  very  convenient  for  comparison  in  estimat- 
ing large  distances. 

The  distance  between  tlie  pointers  of  the  Big  Dinner  ic 
about  o°  L>0'.  This  is  a  very  convenient  unit  for  comparison 
in  estimating  distances  of  this  ordt^r  of  niaguitude, 


mav 

tl 
fl 

an 


^  111-  ^ '^  "^v;*i  lOUOW. 

very  convenient  ami  simple  aul  in  estimating'  distant 
irtv  be  secunMl  bv  hnldiuirii  priici]  at  arm's  lensrth  nn.  <-  j 

I   "   1  11-        1  1      r  •.  •  ^  P  *^^ward 

lie  skv  and  r)bsrrviiiir  ii'»w  iiiiicli  ol  it  is  reQuir*»#1    4-^  i 

.    ,  •    ♦       ,    .1       ^1  ^4^*rea  to  reach 

rom  one  ol  ilie  pointers  lo  the  otlu-r,  ov  over  any  other  Ic 

.-ngular  distance.      With  this  as  a  hasis,  tlie  whole  pene'I 

be  divided  by  marks  into  leni^ths  whirli  will  cover   k       ** 

arcs  wlien  held  at  arm's  lentrtii.     Tn  find  the  distane     ht^ 

tween  any  twn  objeots,  ImM  ilie  penril  at  arm*s  leno't.)^ 

find  how  mu(.-h  of  it  is  covL-ii'd  by  the  arc  joinino-  them 

reduce  by  the  known  seal(*  on  wliic-h  the  pencil  is  d"  •' 1 

It  will  be  found  that  it  takes  about  2.7.)  inches  to  ^       ^ 

..  -.  ^  *■"  cover  an 

arc  ot  o\ 


will  show  tlieir  motions. 


Ill   MHMV    iiitjii    iii«/lm;ii.>. 

44.    Ursa  Major  (the  Greater  Hear).  —The  most  con      ' 
uiis  i»art   of  Ursa  Major  is  tlie  Bi.tr'])ij,por,  whicdi '^^^^^^"' 

its  eastern   part. J     It  extends  north,  srmth,  and  wo^f  l^^i\^^ 

^^i>z  Of  the 

1  East  and  ir^sf,  are  to  be  undcrstrKKl  Iuto  as  bciu'i  measured  ^i 
declination  circles  around  tbe  pole.    Thus,  below  the  pole  eaat  in  ^"81  '^'^ 


I 
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kDwl  of  lite  [)ip[>er  fur  more  ihmi  10°,  but  nil  thu  Btarx  la  I 
^w««  jwit*  nrv  of  tlie  tliinl  mufriiituilf  or  fainlor. 

^•'ur  tW  8Ur  /eta  (Mir^tr),  which  in  at  thv  bt-nd  in  th«  | 
'll<-.  tluTe  18  A  liltle  sUir  of  tlic  6ftlt  niu^nilude  called  I 
■  ■r.     Its  distance  U  11.5'.  unil  it  can  bo  seen  easily  by  I 
'   '<  ih  t^Dod  eyes.     Mizar  is  itself  a  fine  double,  cc 
:   .1  white  star  aiid  one  of  an  emerald  color.      Thai 
.11  •    xf  the   two  cuinponenta  from  each  other  i»  about 
<'  '.  and  a  S-inuli  telwtcoj^f  will  uiuily  show  them.     It  U 
known  just  bow  far  thu  systvm  is  from  us.  but  it  is  eer> 
'  uly  Ml  far  away  tliat  it  takua  the  light  mons  tbau  100  years 
to  come  til  iia,  and  iierbapa  very  much  lonfrer.     The  two  cc 
poneota  are  actually  mi  far  ajiart  that  if  an  oliaerver  were  oa  I 
oae,  tlie  other  w<Mihl  prubably  look  like  a  liiHtaiil.  though  I 
brittht,  star.     Tb**  lart^vr  of  the  two  coniponvnta  luw  been  1 
found  to  be  appruai-hing  thv  solar  system  at  the  rate  of  nearly  1 
SO  miles  per  MMfnui. 

Tfac  first  uf  a  serios  nf  very  important   dixcoveries  was  J 
nuule  in  1889  by  K.  (*.  Pickering  in  R;H«GtratiHipic  obaerva.  I 
tiotui  of  the  t>righter  component  of  Miuir.     It  waa  found  hy  I 
methoda  which  will  be  diM-iiitw i|  nl  the  proiwr plat*  (  Art. S99)  [ 
that  tliiji  «tar  is  itarlf  a  double  in  which  the  components  ara  J 
Mi  close  loffetlier  tital  tbpy  can  not  be  diatingutaheil  separately  ' 
by  any  telitaniM,     It  is  i^inipused  of  two  great  suns  whose 
cnnibtned  maasu  abimt  20  timwi  that  of  our  sun,  and  which 
ntvolfe  around  tlieir  common  i-enter  of  gravity  in  a  period 
of  30.r>  days,  ami  si  a  difiUnce  of  31^000,000  miles  from  each 
other. 

4S.   CiMiopda.  —To  li»d  thi«  constellation,  go  from  the 
middle  of  tltc  handle  of  the  Hig  nipjwr  through  Polaris  and 
about  So*  beyond.     Thai  ia,  the  pole  is  about  midway  between  I 
the  two  gmapa,  as  can  bo  seen  from  the  table  in  .\rt.  -11.  I 

■Mtwtafc  ttmpiti  ii>  Ui«  boriaoB.  TIm  toltowlnf  Malenant*  kll  ref n  to  dirre- 
Uaas  hi  dM  akj  e>i«f«  wb«n  otberwlM  Indlesied,  and  csn  biim  b«  ukm 
il  Uhw  la  aar  Mbsr  iass. 
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The  constellation  is  distinguished  by  a  zigzag,  or  letter  W. 
composed  of  seven  stars  from  the  second  to  the  fourth  mag- 
nitudes. Tlie  brightest  one  is  at  the  bottom  of  the  second 
part  of  the  W,  and  is  a  tine  double,  colors  rose  and  blue,  whicl 
can  be  seen  separately  with  a  2-inch  telescope. 

One  of  the  most  interesting  objects  in  the  constellation  is 
the  star  Eta  Cassiopeia*,  whicli  is  near  the  middle  of  the 
third  stroke  of  the  W,  and  about  2°  from  Alpha.  It  is  a  fine 
double,  which  can  be  separated  with  a  3-inch  telescoj^e.  These 
two  stars  form  a  binary  system,  revolving  around  their 
common  center  of  gravity  in  a  i)eriod  of  about  200  years.  Ii 
takes  the  light  from  tliis  pair  a  little  over  9  years  to  come 
to  us.  If  there  are  planets  in  such  systems,  the  phenomena 
of  nii^ht  and  day  and  the  seasons  must  be  very  couiplicate<l. 

In  l^u'l  a  temporary  star  suddenly  blazed  forth  in  this 
constellation,  and  became  so  bright  that  it  could  be  seen  in 
full  dayli«xht.  It  did  much  to  stimulate  the  interest  and  zeal 
of  Tvcho  Hrahe  (Art.  l->5),  who  was  then  a  young  man  of 
twc'utv-six. 

46.  The  Equinoxes. — To  iind  the  vernal  equinox,  draw  a 
liinr  from  Polaris  tliroiiL^li  the  most  westerly  star  in  the  W  of 
(.'assio[)eitu  and  prolong  it  W^,  This  point,  w^hicli  is  on  the 
ecjuator.  is  very  near  the  vernal  e([uinox.  There  are,  uufor- 
tuiiately,  no  eons])ieunus  stars  near  this  point,  wliich  is  in  the 
const enatir>n  Pisces. 

Th«^  aiituiinial  equinox'  is  found  by  drawing  a  line  from 
Polaris  throu^^h  Delta  Ursie  Majoris,  and  prolonging  it  90° 
to  the  efjuator.  This  point  is  in  Virgo,  which  contains  the 
tirst-magnitude  star  Spiea.  The  autunnial  equinox  is  about 
10°  north  and  20°  west  of  Spiea. 

47.  Lyra.  —  l-yra  is  a  small,  but  very  interesting,  constel- 
lation. Its  mean  right  ascension  is  about  18.7  hours,  and  it 
is  about  .")0°  from  the  pole.  No  other  description  of  its 
j)osition  is  needed,  for  it  is  made  conspicuous  by  the  brilliant 
tirst-magnitude  star  Vega. 


TUK  COXSTKLlATIOya  CX 

Ah  we  shall  aee  laU'r  (Art.  14C),  the  {k>Iv  of  the  tioavens 
i*  not  abiolutely  fixed,  and  in  12.U00  ycam  it  will  be  very 
u<-.-ir  Vega.  What  a  8pleiidid  pole  star  it  will  make  ',  This 
-'.At  IB  ■pitrnaching  iia  at  the  rate  of  about  10  miles  per  see- 
iid.  but  it  id  M>  far  away  that  80  yeara  are  required  for  its 
ii^bt  to  come  to  us.  Tbu  Hun,  at  the  same  distance,  would 
he  tmly  jjo  <*"  bright  as  Ve^  is. 

Lyra  La  a  ctinstellatiou  of  iotvrMt.  for  it  is  nearly  in  its 
tlirectiuu  that  the  sun,  with  ita  retiuue  of  phinets.  is  moTiug. 

Tliere  an^  two  ittan*  of  the  fourth  magnitude,  Epailou  and 
Zeta  Lym-.  rai:!)  alxiut  2"  from  Vega.  Une  is  northeast  aiid 
the  "tber  southeast,  and  the  three  stars  form  a  nearly  equi- 
Iittt-Tal  triangle.  TIil>  star  Eiwllun  is  a  double,  composed  of 
two  nearly  equal  fitars  separated  by  a  distance  of  £6'".  A 
|ter«on  with  gooil  eyesight,  under  favorable  uonditiona,  can 
distinguish  the  two  com|Minenta  withont  optical  aid.  A 
cvnluri,-  ago  astronomera  gave  tbctr  ability  to  iteinrate  this 
pair  aa  proof  of  their  having  exceptionally  keen  sight. 
IVrhap«  with  more  exacting  use  the  eyesight' of  our  race 
\*  improving,  for  a  majority  of  students  now  can  separate 
the  [Mir  without  any  practice. 

The  star  Hpailon  Lym-  should  be  carefully  observed. 
The  dintauee  between  the  two  eonijionenta  aoeinn  small,  btil 
ajitrunomera  reguUrly  me^iiiire  jg'^g  nf  this  angle.  The 
diM-itvery  of  Neptune  (Arts.  0  and  285)  was  biise<l  on  the 
(ikri  that  it  hiiil  pulled  Unuius  from  its  predicted  place 
only  a  little  more  thsn  half  of  this  angular  distanee  aa 
aeen  from  the  earth.  When  Kpailon  Lyra  is  viewed  with 
a  telesei>|ie-,  it  preaenls  a  great  surprise.  The  two  compo- 
nenu  appmr  to  be  far  u{uirL.  and  it  is  seen  that  iweh  one 
of  them  is  a  double,  thus  forming  a  fine  system  of  four  suns. 

Aboat  S.iV  smith  <if  Vega  and  D*  east  is  the  thinl-magni- 

tadn  star  Beta  l.yra>.     It  is  a  very  remarkable  variable,  its 

'  ^nghtneas  uhanging  in  a  stnnge  manner  by  more  than  a 

ffwagnitwfe  in  a  jieriod  of  12  da.  aod  33  Lr.     Tbe  auVi^^ 
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of  variable  stars  is  to  be  discussed  later  (Arts.  403  to 
407),  but  it  may  be  remarked  in  passing  tliat,  according  ta 
the  work  of  Myers,  tbis  is  really  a  double  whose  compotienU 
are  more  tbau  10,000,000  miles  iu  diameter,  whose  masses 
are  10  and  21  times  that  o£  our  sun,  and  whose  mean  den- 
sities are  about  ^^iVj  t^st  of  water.  This  ia  a  very  difficult 
case,  and  the  results  are  perhaps  still  open  to  some  ques- 
tion. When  you  look  at  the  star,  though,  you  see  one  ut 
great  interest,  which  is  apt  to  throw  much  light  on  the  earlj 
Hlajjes  of  double-star  evolution. 


About  2.5°  southeast  of  Beta  I^yrx  is  the  third-magnitude 
Btar  Gamma  Lyrie.  On  the  line  joining  these  two  Btais 
and  about  one-third  of  the  distance  from  Beta  is  a  ring, 
annular,  nebula,  the  only  one  of  the  feiv  that  are  knows 
which  can  be  seen  with  a  small  telescope.  It  tiikes  a  largB 
instrument,  however,  to  show  much  of  its  detail. 


TlIK  COXSTKLLATIoya 


68 


48.  Bercnlet.  —  This  io  u  very  litrgo  contitellation  lying 
west  and  suulliwest  of  Ve|^  but  it  contains  no  stani  brighter 
than  the  third  ituif{nitiidt<. 

About  25'  west  of  Vegn  is  a  trapezoidal  figure  of  five  atan. 
The  baae  is  turned  to  thu  nurtli  »ud  sliglitlv  t»  the  east,  and 
i»  about  6*  long.  There 
•n  tiroitara  in  the  north- 
east corner,  one  nf  the  lliird 
magnitude  and  out*  of 
the  foiirtb.  Tlie  star  in  th<' 
■ututbeatit  mrner  in  uf  thu 
fiitirth  magnitude,  and 
ttioHt-  at  tht^  tAUvt  C4>rnura 
an.-  i>f  tb«  thinl.  On  the 
wt^tt-m  aide,  about  i>ii«- 
tliini  the  dUtanoe  from  th^ 
northern  end,  u  one  of 
(lie  Rnest  atar  cluati-nt  in 
ihif  whole  akT.  Mf«ier  U. 
It  in  visible  to  tlte  un> 
aided  eye  on  a  clear,  dark 
night,  and  with  the  t4-lc- 
u^^v  i»  a  wonderful  object.  It  was  dincovered  by  Halley 
(  li^Vi-1742},  but  derives  its  present  name  from  the  rat«- 
^H>iif  of  tb«  great  Krench  coiuot  hunter,  Mesaier  (1730- 
MIT),  who  did  all  of  liio  work  with  an  inatranient  of  2.5 
iii<-he4  apt-rture. 

W-  Scorpio  (The  Seorpion).  —  Twelve  consleltationa  lie 
aliiug  the  wliptic  and  conatilults  the  Ztfdiae  (acv  italiciied 
iiBme*  in  Table  of  Art.  41).  Scorpio  ia  the  nintli  u(  tbcM 
aod  the  Boat  brilliant  one  (d  all;  in  fart,  the  iineat  Boutliern 
roostdbUou  that  can  be  scon  in  our  latitude.  It  is  about 
00"  aouth  of  Hercules,  and  is  always  easily  recognixM)  by  the 
fiery  red  firat^magnitude  atar,  Antarea,  which  in  light-giving 
power  is  equal  to  900  nuv  f  ocb  u  oun.    tbu  %Ux  \)Mh 


rtn  3>  — Unal  Star  CImIkI  ts  ll>mtlH 
(MBMl*rl3|.     PkolotiniiJitd  ^v  H'If'ttf 
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small  green  companion  of  the  seventh  magnitude  V  west  of 
it,  but  a  5  or  6  inch  telescope  and  a  good  atmosphere  are  nec- 
essary in  order  that  the  companion  may  be  seen.  About 
5**  northwest  of  Antares  is  a  very  compact  and  fine  cluster, 
Messier  80.  Scorpio  lies  in  one  of  the  richest  and  most 
varied  parts  of  the  Milky  Way. 

50.  Corona  Borealis  (The  Northern  Crown). — Just  west 
of  the  great  constellation  Hercules  is  the  little  constellation 
Corona  Borealis.  It  is  easily  recognized  by  a  semicircle  of 
six  small  stars  opening  to  the  northeast. 

51.  Bootes  (The  Hunter).  —  Bootes  is  a  large  constellation 
lying  west  of  Corona  Borealis  and  reaching  from  near  the 
equator  to  within  35°  of  the  pole.  It  always  can  be  recog- 
nized easily  by  its  brilliant  first-magnitude  star  Arctums, 
which  is  about  20°  southwest  of  Corona  Borealis.  One  hun- 
dred years  are  required  for  its  light  to  come  to  us,  and  it  is 
approaching  us  at  the  rate  of  about  5  miles  per  second.  In 
light-giving  power  it  is  equivalent  to  about  1300  suns 
sucli  as  ours. 

52.  Leo  (The  Lion). — This  is  one  of  the  zodiacal  con- 
stelhitions,  and  the  ecliptic  passes  very  near  to  its  brightest 
stiir  Regulus.  It  is  about  00°  west  of  Arcturus  and  is  recog- 
nized easily  by  a  sickle  of  seven  stars  opening  to  the  south- 
west, with  Regulus  at  the  end  of  its  handle.  One  of  the 
many  things  of  interest  in  connection  with  this  constellation 
is  that  the  November  14  meteors  seem  to  radiate  from  a 
point  within  the  blade  of  the  sickle. 

53.  Andromeda.  —  This  is  ii  large  constellation  just  south 
of  Cassiopeia,  but  it  contains  no  first-magnitude  stars.  Its 
most  interesting  object  is  the  Great  Andromeda  Nebula,  the 
brightest  in  all  the  sky,  whidi  is  about  15°  directly  south  of 
Alpha  Cassiopeiic.  It  can  be  seen  without  difficulty  on  a 
clear,  moonless  night  as  a  hazy  patcli  of  light.  When  seen 
through  a  telescope,  it  fills  a  j)art  of  the  sky  nearly  2**  long 
*      tl*  wide.     In  its  center  there  is  a  star  which  is  probably 
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the  outline  uf  u  small  dipper,  with  two  stars  instead  of  one  at  i 
the  point  opposite  the  liandle.  Six  of  tlie  stars  are  visible  , 
without  optical  aid,  but  the  seventh,  which  is  near  the  one 
at  the  end  of  the  handle,  is  more  ditlicult.  In  ancient  times 
people  seemed  to  have  had  considerable  difficulty  in  seeing 
it,  for  it  was  frequently  spoken  of  as  having  been  "lost," 
but  any  one  with  fairly  good  eyesight  can  see  it  now. 
People  with  excep- 
tionally good  eye- 
sight can  see  eleven 
stars  in  the  imme- 
diate vicinity  of  the 
group. 

In  trying  these 
testa  of  faint  stai-s, 
one  will  be  surprised 
to  catch  glimpses  of 
stars  a  little  to  one 
side  of  the  point 
where  he  is  looking, 
iiiid  lu  have  then 
disappear  when  he 
looks  where  he 
thought  he  saw 
them.  The  expla- 
nation is  simplB. 
The  lens  in  the  front  of  the  eye  forms  an  image  on  the  retini 
at  the  back  part.  This  retina  is  sensitive  except  at  the  point 
where  the  optic  nerve  leads  out  of  the  eye  to  the  brain. 
When  an  image  of  an  object  falls  on  this  spot  it  can  not  be  ' 
seen.  In  addition  to  this,  the  retina  may  be  more  sensitivo 
to  faint  light  near  its  margin. 

Attempts  have  been  made  by  direct  and  indirect  procesBfls 
to  find  the  distance  of  the  Pleiades,  but  they  have  not  given 
positive  results.     The  beat  that  can  be  said  is  that  probably 
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sever&l  bundml  yv«rH  arc  rcqiiirwl  for  llie  light  to  come 
from  Uma  tn  i».  From  the  pnitwr  tnutinn  of  Aloyoii«,  <ti«> 
oiuaeil  bv  Nrwcomb,  ami  on  tlie  livpotln-iiiH  tlint  it  in  due  in- 
tUnx-lJy  U)  tlie  aotiuU  motion  of  the  son,  it  followH  tbnl  it 
takm  1^  ye«rs  for  the  light  to  come  from  thin  star  to  ua. 
The  tun  »e«ii  nt  Uii«  vmt  dititano«  woulil  apjwar  as  a  ti^r  of 
Iht  ninth  nuignitutiis  or  about  g^g  &8  brij^ht  m  Alcyone. 
About  tfa«  inidcllv  of  the  l<wt  conlury  Miidler  thought  Alcy- 
one wu  the  center  of  the  universe  ami  that  all  tha  oUter 
st«n  reTolved  around  it,  but  therv  \b  not  a  parttclo  of  evi- 
dence to  support  BUch  nn  idea. 

Ttte  ecliptic  jMMteH  nlmul  4*  south  of  the  I'leiadcm  wbtcb 
■n-  Bomatimeft  c«U)iwh1  by  tbo  moon.  Alxmt  8*  aoutlicast  of 
the  Pleiailra  is  llttf  H>-iub-a  group,  contnining  the  rod  firat- 
nnkfrnitude  star  Aldrbnriui. 

97.    Orion- — Southeast  of  Tnunu  and   directly  south  of 

Auriga  !■  (he  (.-oDatullBtinD  OHoii  lying  acruas  the  eiaator 

between  tlte  lifth  ami  MSth  hours  of  right  ameOHion.     7*his 

i*  tlie  finest  region  of  the  whole  aky  for  work  without  a  t«le- 

Mope.     About  T*  mtrtli  of  the  equator  and  15*  ttouUieast  of 

MdeiNuma  is  ihu  ruddy  Bvlelfieum:.     About  20°  Bouthwest 

t  BatdgcaM  is  the  flrst-magnitude  star  Itigel.     About  miil- 

ijj  between  thietn  and  almost  on  the  equator  is  a  row  of 

■Mvond-magnitade  Ntarn  running    northwest  and  aoulhoMt. 

This  is  the  It^-tt  of  Orion.     I' mm  its  ffiuthem  end  anothrr 

niw  of  faintrr  stant  run*  off  to  the  nouthwt-st  almost  toward 

Ki^^l.     It  is  lh(T  Nwonl  of  Orion.     The  oenlral  star  of  this 

'w  Bppmre  a  lilllu  fuizy.     It  is  not  a  star  at  all.  bat  the 

' .  r-^al  ( )rii>n  Nebuln,  whi<:)t,  through  a  l«>li-»ixii>e,  strikes  many 

ii-xTveTs  as  being  the  most  iinpremive  objn;t  in  tlio  whole 

>.  V.     Thvn*  are.  indec^l.  miany  slMrs  in  tlie  nebula,  p^rticu- 

<rly  tl>e  tm{it'ttum  of  four  sturH  near  its  cvnten  but  the 

_-rrmtcr  |iart  of  the  light  comtrs  from  the  nebula. 

Some  idea  of  the  meaning  of  the  photograjth  (Ktg.  23), 
which  ahowa  more  than  a  square  degree  of  ikytCSA\M<^ 


nil  ilf  j-ftmt  rejleetar 


tallied  witeii  ime  renlizes  lliat  the  nebula  is  Ht  the  distance 
of  tbe  fixed  stars,  wliioh  are  so  remote  that  their  apparant 
iliHrnvtcrH  lire  less  Umn  -^  of  a.  second  of  arc,  although  they 
I  ti  million  iiiik's  or  more  in  diameter.     Tlie  nebula  is  » 
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gnat  mam  ol  glovriug  gas :  at  least,  that  jiort  of  it  which 
p.TCa  DB  tight  U  gaBeoUH. 

Tb»  ■tar  Betelgeojte  iti  slightly  variablf,  and  Rigel  hna  a 
faiiit  and  cIohi*  compatiioci,  while  nearly  uvury  st«r  in  the 
Ittfltand  Swonl  in  (tith«r  douhk'  ur  multiple. 

SB.    Caali  Major  (The  Greatt-T  Dog).  — This  cotuit«llattoD 

touthcMwt  of  Orion  and  ia  marked  by  Siriua.  the  brightpnt 
'  ir  in  all  the  aky.  Siriua  ih  almuHt  in  a  line  with  thfl  [toll 
'  Orion  and  a  little  over  20"  fn>m  it.  Tliio  iit  ono  (if  the 
Htan  which  i«  ooinparalivfly  nviir  to  ns,  tho  light  voming 
fnim  it  in  8.4  years.  ExprvMwd  in  mtliM,  thi<  dixtanoe  ia 
4T.UOO,OOl).000.000  uf  milrN  and  tho  star  is  appmaching  ua 
at  the  imta  of  about  10  milm  por  sor^ud.  Siriua  is  rvnlly 
oTQftkkiiig  the  aun,  fur  the  solar  aysteni  is  innving  in  the 
oppodba  direction. 

The  biatory  of  .Sirius  for  the  last  two  cvnturioa  is  very  in- 
tervcting.  and  furnishvs  a  gtK>d  illustration  of  the  valac  of 
the  deductive  method  in  making  dist'ovrrivs.  First,  it  was 
foand  by  llallcy  in  1718  that  it  iiaa  a  motion  with  r«:!t|K-ct 
to  flxed  Rtferent-e  lines;  then,  a  little  more  than  a  century 
later,  Bewel  found  that  ihia  motion  ia  Honiewhal  irrrgitlnr. 
He  interpn!t<il  this  as  meaning  that  Siriiu  and  an  umtcen 
ooa|»iiii>ii  arr  revolving  unMiml  their  conimtm  i-cnter  of 
gra%'ity  whirli  describes  the  an^  uf  a  great  t-irvie  as  the  stars 
ordinarily  ilo.  This  «im|mnion  actually  was  dtscovered  hy 
Alvan  Q.  t'lark  in  ISti'i.  while  tenting  the  ll^inch  teleseo[>i- 
now  of  (he  Dearhoni  OlMervatory  at  KvunHton.  'I'he  two 
surs  revidre  around  their  center  of  gravity  in  a  p«iri<Hl  of 
■bnitt  50  years.  The  diiitanee  of  tlie  two  roRi|>tineiile  from 
earh  other  is  abi>ut  I .>U)0,<>00.004)  iA  mile«;  SiHus  is  alxiut 
10,000  times  as  bright  as  its  comptmioii  <  it  is  didii-ult  to  de- 
termine tike  magnitude  of  the  etimpanion ) ;  its  dibsm  is  a  little 
more  than  2  times  tliat  of  the  companion  i  their  cotnbine<l 
note  than  8.5  tiioca  thai  of  the  aun.  and  they  radiate 
I  tines  an  much  light  as  the  sun  dues. 
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59.  Canis  Minor  (The  Lesser  Dog).  —  This  constellation 
is  directly  east  of  Orion  and  is  of  interest  here  because  of 
its  first-magnitude  star  Procyon,  which  is  about  25**  east  and 
just  a  little  south  of  Betelgeuse.  The  history  of  this  star  is 
much  like  that  of  Sirius,  the  faint  companion  having  been 
discovered  in  1896,  by  Schaeberle,  at  the  Lick  Observatory. 

The  period  of  revolution  of  the  two  components  of  Procyon 
is  40  years,  and  their  combined  mass  is  0.6  times  that  of  the 
sun.  If  the  orbits  of  such  systems  as  Sirius  and  Procyon 
and  their  companions  were  edgewise  to  the  earth,  the  brighter 
components  would  be  regularly  eclipsed,  and  the  stars  would 
be  variables  of  the  Algol  type  (Art.  404),  though  with  such 
long  periods  and  short  time  of  eclipse  that  their  variability 
would  probably  not  be  readily  discovered. 

60.  Gemini  (The  Twins). — This  is  the  fourth  zodiacal 
constellation,  and  lies  directly  north  of  Canis  Minor.  Its 
two  principal  stars,  Castor  and  Pollux,  are  about  25**  north 
of  Procyon  and  about  4.5°  apart,  Castor  being  the  farther 
north.  Castor  is  Al])ha,  and  Pollux  is  Beta,  Geminorum, 
although  Pollux  is  now  the  brighter  of  the  two,  both  being 
between  tiie  second  and  first  magnitudes.  That  Pollux  is 
now  the  brighter  of  the  two  may  be  due  to  the  fact  that 
Castor  is  receding  at  the  rate  of  4.5  miles  per  second,  while 
Pollux  is  approaching  at  the  rate  of  33  miles  per  second. 

Castor  is  a  very  line  double  star,  and  the  two  components 
can  be  separated  with  a  small  telescope.  Their  period  of 
revolution  is  nearly  1000  years.  In  his  study  of  this 
system,  Helapolsky  found  with  the  spectroscope  that  the 
brighter  component  is  also  a  double,  one  of  the  pair  being 
dark.  Their  period  of  revolution  is  about  3  days.  The  mass 
of  the  close  pair  is  apparently  small,  being  something  like 
■^  that  of  the  sun. 

About  10°  southeast  of  Pollux  is  the  large  star  cluster 
Praesepe  (The  Beehive), which  can  be  seen  on  clear,  moonless 
nights  without  a  telescope. 


U-  ObMrrations.  --  The  ilUciiiMiiMi  nf  tlie  c.-niutelIatiotiB 
will  l>f  riimtil  )ii*K,  not  becituHe  all  have  lieeii  tlvacribeil,  or, 
imlt^,  any  uae  of  th«tu  H(le)iiiH(«ly,  liut  liecmiw  enougli  haa 
b«!«ii  aaid  to  show  oiiv  that  the  atty  is  full  (if  ultjertx  of  in- 
terest which  can  be  found  and  i-ajoyt-d  witli  very  liltin  o[>tical 
aid.  The  reader  is  expected  to  obaervo  all  tliv  objecta  which 
have  been  deacribed,  «o  far  as  the  time  of  year  aud  the  in- 
■tmntental  help  at  liia  oommaitd  will  permit.  If  he  doea 
ibia,  the  whole  auhject  will  have  a  dee[>or  and  more  lively 
iDtanal.  ami  it  will  Itc  a  phramiro  to  nmkv  oniistAiit  appeala 
tu  the  aky  to  verify  atiiU-mi'nta  iind  ilcKcriptiona. 

The  geneml  featureii  of  the  constellations  are  very  siinpU-, 
bat  the  whole  subject  can  not  U^  mastered  in  an  cvrnin^. 
One  ah^mld  ^  over  it  several  times  with  iin  more  powerful 
iitatnuiMiDU  than  opera  glaaaea.  After  that  wiU  come  work 
with  the  t«le«eo])e;  this  instrument  will  be  deaoriWd  in  tlie 
nBZt  ehaptt,  where  it  will  In.-  st*en  how  intimately  Hn  forms 
_,of  nooDtiog  atid  ita  manipuUtion  aru  rcUted  to  the  rcf«r- 
■  pointa  ud  lines. 


.  WMeb  iM*  of  th»   Iin*  (min  IV-U  l^nw  Majoris  lo  Polaria 

"     p  HajwritT 

.  Il<n>  tmr  bimtI  vonhl  two  otijiTta  havr  t(>  W  to  luWod  an  aof  b  nt 
It  a  dMUDcK  n(  »y.  Ml;  atMl  40  fm-i  f  Make  lwi>  artlftdal  Ulan  on  tba 
ckluanl  ai  ■■Di<  nf  th«w  diaUiKV*  at  \l»  fffrnw  •tiiilaooo  fram  fMrli 
r,  and  ■■  bmr  aianj  ran  ilbtlii|{ui*fa  the  two  potata.  (Son  llutt  lima 
lint  kiM'w  in  advaiKW  iba  dineUmi  of  tits  sUfs 


WiMl  h  laallT  meant  wIkb  oaa  Miy*  be  -Ma"  an  tAtj/Hl 
tiam  Iha  vi^KTiiiieiil  oS  Art.  13  in  ImatinK  the  nnbli. 
'hat  an*  xhtt  anfalar  diiUniwa    fnm    AlplM  ki    IMta    t'rae 
:  fnm  Alpba  lo  Gauma  t'nae  Majiwi^  sad  fram  Alpba  to  Eta 
a)orbT 
.  WUali  waf  isMrttMitbedif  at  •  point  wknvaliitwkb  llTaad 
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7.  How  many  stars  can  you  see  in  the  bowl  of  the  Big  Dipper? 
(Very  keen  eyes  under  very  favorable  conditions  can  see  eight.) 

8.  The  word  Alcor  means  "the  test."     Can  you  see  this  test  object 
without  optical  aid  ? 

9.  What  two  stars  of  Ursa  Major  are  nearly  in  a  line  with  Vega? 

10.  What  proportion  of  the  class  can  see  that  Epsilon  Lyrse  is  a 
double?  What  direction  do  the  two  components  lie  from  each  other? 
Can  you  see  the  dark  sky  between  them  ? 

11.  Can  you  find  the  '"trapezoid"  in  Hercules  and  the  star  cluster 
Messier  13? 

12.  Does  Antares  api)ear  red  to  you?  Do  you  always  agree  with  the 
colors  as  given  in  the  text?  (Exi)erienced  observers  often  disagree, 
es|iecially  on  faint  stars.) 

13.  Wiiich  uf  the  stars  of  the  sickle  of  Leo  has  a  faint  star  near  it? 

14.  How  is  Leo  situated  with  respect  to  the  Big  Dipper? 

IT).  Can  you  find  the  Great  Nebula  of  Andromeda  without  opera 
glasses  ? 

1().  From  the  journal.  Popular  Astronomyy  get  the  phase  of  Algol  and 
observe  a  niininiuni. 

17.    Does  Ca|M^lla  seem  to  you  to  l)e  yellowish? 

15.  Can  vou  see  seven  stars  in  the  Pleiades? 
11).    Can  vou  st^e  more  than  seven? 

'JO.   See  if  you  can  observe  the  moon  passing  near  the  Pleiades. 

21.  Compare  the  colors  of  Aldebaran,  Betelgeuse,  and  Kigel. 

22.  Look  at  the  Orion  Nebula  with  opera  glasses. 

23.  At  what  time  of  the  year  does  the  sun  have  the  same  right  ascen- 
si(m  as  Sirius? 

21.  Can  you  see  any  difference  in  the  brightness  of.  Castor  and 
Pollux?     How  do  they  conii)are  with  Polaris? 

2.").  What  constellations  north  of  the  equator,  which  have  not  been 
descMibcd,  contain  first-magnitude  stars?  Describe  their  positions  with 
rosp'ct  to  the  other  constellations. 

20.   What  constellations  north  of  the  equator  are  in  the  Milky  Way? 

27.  What  i»ortion  of  the  Milky  Way  is  divided  into  two  parts? 

28.  From  the  data  of  Art.  47  find  how  long  it  will  take  Vega  and  the 
sun  to  pass  each  other. 

NOTE 

In  addition  to  the  work  on  constellations  which  has  been  given,  there 
are  always  numerous  phenomena  to  be  observed,  such  as  the  planets, 
oocultatiQns  by  the  moon,  eclipses,  meteoric  showers,  and  comets.  These 
■^lieiioiiiieiia  are  temporary  or  changing,  and  one  can  not  follow  them  sue- 


TUS  CO.\.-iTKLLATIO.\H 


!wQt  thd  hrlp  n[  ft  pcriiHlicAl  puiilicKtian.  Tlir.n,  too,  oiw 
■  mcMv  •ntUinilnl  lUir  [>b*rU  ttisn  llia«t>  (ptrn.  or  k  fnllvr 
u  of  thr  Bubin-U.  Nrkriy  ov<-ry  one  hai  accnui  to  mtiuv 
lilinrr  wlirr*  Ktfiitiflc  liookn  inajr  he-  ohtainoil,  ihoiijih  llivy  arw  Itr- 
quratly  »til.  Mi'l  Mti'tiliflc  trmtina  npjdly  Ion  tbeii  vnlun  willi  Agv  in 
ibh  vfHKh  u{  niuiy  <)iiiruT«riH. 

Tbe  followtni;  U  •  Mat  of  »  r<>w  of  tlw  joarnBli,  map*,  Bml  hook*,  moat 
of  «hkb  ODD  citbrr  ilKinld  hare  Id  111*  poMUMon  or  b«  sbl»  t»  conaulL 
1.  The  Amtrtfin.  Ungluk,  or  GerPMn  Ef^'mtrit  and  Simlifnt  Almanae.  — 
I-hrt  III  of  Tkt  .t«'n>in  Eph'mtrU  la  t.u  r-h*-»oiii<-i>ik ftml  giif*  tli« 
r«lt|iM9'i(  tb«  itun  and  iiiuou  y<-iir]y,  with  ina|M  (nr  tlie  iti|arr(!llpw!<; 
tbemoon'aphmKsandlilimttoiiH;  IlwdBUk(ur|inilirttii|;iii:FulUtiiin«: 
Um  di«ki  and  mb-Ultm  of  Ihe  plaiielfi  (Ibe  dally  roordtiialri  nl  thi> 
plMwU  wtr  KircD  JD  Part  I),  wilb  maps  iihnwIiiK  Ihr  |>iuiltinn*  of 
Um  orbiU  of  tlin  MlPllila  and  the  i-poch*  ol  llirir  jin^but  olnDfti- 
Uoa;  and  a  taliln  sxrina  Uie  tn>itioiiaof  all  thn  principal  oWrra- 
~  •  of  Uwi  world. 

monthly  Journal  puhllvhod  at  NorthflfJd. 
t  oociUina  a  monthly  aciiiiini  of  tlir  pbwiometia  uf  TV 
~  '  iiiountf  mi>ntii  of  dt*cvv«rie>  aurli  a*  coinrtai 

y  itat*,  ami  varLalilv  MAra ;  the  urbii«  of  fxinwl«  and  binary 
Man ;  poftnlar  artkln  un  n«atly  *<nrj  ounwWabla  phuc  u(  aatiu- 
BOflnkal  UKMaght. 
.  7k  Ailrvpkftinl  Jiumal.  —  A  monthly  jonmat  publiibeil  at  Cltieafro. 
It  la  miwh  tnora  tMbnical  iban  P'-puIar  Atlnmiymg.  and  i*  largply 
Umitad  la  a|MclnH«tJpK>,  pbotu|[ntp)iic,  and  ntlatrd  Drtjpnal  ■*■»>- 
MMnioil  liiMomio  and  diB'n*ilniiii. 
n»  Ailnmamitmt  JmnnviL —  A  jonrnal  pnblialin]  nl  <'Bm)'ridf:<r.  MaM. 
It  i*  iMbMlckl  aiMl  >■  uuvlly  df-TOlml  ti>  nwarrlim  and  itwcoiFrini  In 
id  tiialfaHinatirat  aalrDimniy. 
—  A  Minlpcipnlar  jnumal  piit>tiiib«J  at  Oiford.  En^ 
I*  lo  a  KTval  varii^ty  of  rFadera. 
V  UimMt   Stirr*  nf  it/    ffojmJ    Attmmamieal  Sorirtg.—  A  Journal  of 
lauowiliBfp.  ilMcaHiioiM.  a»d  inrMtiKationii  Iti  all  fanuwlm  of  »•• 
Umuny,  puldiiJHMl  t>y  iI.p  HN-iply  at  London. 
~  ~    '■  Ai*nutamiiif.  —  A  ^Kinial  puhliahMl  l>y  the  Fntoeh  Aatni- 
ll  HnelMy  at  Riria.     It  U  much  like  TTu  Attroiumtital  Jatamal 


t  ffwrkrirtten.  —  A  Jonmal  pulilbbnl  at  Kid.  It  )■  the 
i  parlnlkftl  deroMd  to  tba  lBt«Te«b  nf  artmnmny,  hantiK  bMin 
d  onr  aitbty  jMn  aga.     It  ha*  mmd  m  a  tort  of  mad«l  fur 
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STAR  MAPS 

1.  Upton's  Star  Atlas.    Boston. 

2.  Klein's  Star  Atlas,     I^ndon. 

Ji.    Proctor's  Xew  Star  Atlas.     I^ndon. 

4.   Peck's  The  Observers  Atlas  of  the  Heavens.    London. 


BOOKS 

1.  ProctoT*n  If nlf  flours  trith  the  Stars.     London. 

2.  Yniiuif'i^  E/emPiits  of  Astntftom^.     Boston. 

3.  'IV^M's  Starit  and  Telescojtes.     Boston. 

4.  (.'Itrke,  Fowler,  and  (iore's  Astronomy.    New  York. 

5.  (Jihson's  The  Amateur  Telescopist^s  Handbook.     New  York. 

6.  Smyth's  J  C/rfe  of  Ctltsfinl  Objects.     Oxford. 

7.  (.'liM'ke's  Si/sfciu  of  the  Stars.     London. 

8.  Newcoiiib's  The  Stars.     New  York. 


CHAPTER  IV 

TELESCOPES 

62.  Kinds  of  Telescopes.  —  When  classified  on  the  basis  of 

their  method  of  gathering  light,  telescopes  are  of  two  kinds, 
the  refracting  and  the  reflecting.  In  the  refracting  telescope 
the  light  from  the  object  is  gathered  by  its  passing  through 
a  collecting  lens.  In  the  reflecting  telescope  it  is  gathered 
by  its  reflection  from  a  concave  mirror. 

When  classilied  on  the  basis  of  their  uses,  telescopes  are 
of  two  kinds,  differing  principally  in  their  mounting.  An 
important  use  of  a  telescope  is  to  enable  us  to  find  with  great 
accuracy  the  direction  of  an  object.  This  requirement 
determines  the  character  of  one  mounting.  But  if  the  tele- 
scoi)e  is  to  be  used  for  observing  the  surfaces  of  such  objects 
as  tlic  sun,  moon,  and  plants,  and  for  measuring  short  angu- 
lar distances,  such  as  the  apparent  diameters  of  the  planets, 
a  different  type  of  mounting  is  required.  Both  refracting 
and  retlecting  telescopes  may  be  adapted  to  either  purpose, 
tlioui^h  the  refracting  is  now  of  universal  use  in  determining 
dinH'.tioiis. 

The;  telescope  may  be  used  for  photographing  many  celes- 
tial objects,  and  tliis  adai)tation  of  it  is  becoming  more  and 
more  important.  When  emi)loyed  in  this  way,  a  visual  refract- 
ing telescope  must  be  corrected  by  means  to  be  explained  in 
Art.  77,  but  the  reflecting  telescope  requires  no  changes. 

63.  The  Prism.  —  A  prism,  in  o])tics,  is  a  triangular  piece 
of  transparent  material,  usually  glass,  whose  faces  are  made 
accurately  plane  and  polished.  Let  ABC  (Fig.  24)  be  a 
cross-section  of  a  prism,  and  suppose  the  screen  S  admits  a 
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re<l  rays  to  r  ami  spread  out  the  visible  light  into  the  spec- 
tniiii  rv.  Aninher  kiiul  of  jijlass  iiiav  refract  the  red  ravs 
tlje  samt*  ainoiini.  but  spread  out  the  visible  light  into  a  much 
wider  spt.M;truiii.  This  si»reading  out  of  the  colors  is  called 
dUpertiion.  It  plays  an  important  part  in  the  theory  of  the 
n'trariivM  leh-scopf,  and  is  the  basis  of  spectrum  analysis. 
(S.M-  Ari>.  :jr.*-o:i^.  ) 

64.  The  Eye. —  1  he  eye  is  a  natural  optical  instrument 
wlio>«,'  ir«-iii*i;il  sirueture  and  uses  must  be  understood  in  order 
to  roiiijjrrhriid  tilt*  ihe«.)ry  of  teleseopes. 

FiLTure  -•">  represriiis  an  axial  st-etion  of  the  eye.  S  is  the 
(ipa<iMe  ifc^K-nAi'  ct'/f.  wliieli  is  a  protective  covering  of  the 

whole  eye  except  (7,  the 
cornea^  which  is  transpar- 
ent. Hack  of  C  there  is  a 
lens   L  composed   of  suc- 

eessive    la  vers   which    re- 

•I 

fraet  the  light  more  and 
more  as  the  center  is  ap- 
proached. At  the  back  of 
the  eye  the  optic  nejjve  r 
is  sprriid  nut  into  thf  rrtinx,  and  it  is  sensitive  to  light 
e\««-j)t    at    the   pnint    wIkti.-   it   leads  out   to  the  bl*ain. 

('<>n>i'l«r  iiii  oKjrct  AJi  >ituaied  in  front  of  the  eye.  (For 
tin-  sak«-  of  (•lr:irn«'>s  in  tlie  illustration,  it  is  placed  relatively 
toil  nrar  tli<-  evr. )  Tlie  li.t^^ht  radiates  in  every  direction  from 
rvcrv  point  i)i  AH.  Consider  the  rays  from  A.  One  of 
thrm.  as  //,  will  strik<*  the  lens  per[)endieidarly,  and  passing;: 
tlirnu'^r],  it  witliont  ehanijfc  of  direction,  will  fall  on  the 
rrtina  iit  </.  Another  will  strike  liiL^her  up,  but  in  this  case 
obli^juely,  an<l,  aeconlin^  to  the  f)rineij)les  of  a  prism,  it  will 
be  bent  as  indicated  in  the?  figure.  It  will  be  bent  still 
more  on  emerging  from  /v,  and  if  the  eye  is  of  the  proper 
sliaiMf,  it  will  also  fall  on  the  retina  at  a.  Likewise  every 
my  from  A  will  fall  on  a.      Every  ray  from  every  other 
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point  P  wit)  f&l)  on  th«  retina  at  some  otlior  [>oitit  p.  TIi«  1 
remit  u  tliat  there  U  a  t«<i>aratv  iinafjo  of  every  point  of  ^B  I 
oa  tbe  retina.  In  some  wny,  whicb  is  not  fully  understoodf  I 
the  vtimuiiM  of  tliis  image  is  conveyed  to  the  bruin  over  the  I 
optic  nerri-,  mxl  vee  are  conAcious  of  "  tieeiog  "  soiuething. 

The  main  point  here  i»  that  the  tenn  ooUocta  the  Hlightljr  I 
diver^nj;  rays  from  the  objed  and  fonns  an  imago  cm  tli«  I 
retina.     'I*hv  I'lom^r  the  object  ia  to  the  eye,  tliu  more  direr*  | 
^nt  ant  the  raya  from  a  jinven  [>oinl  which  fall  on  thv  luua. 
If  th«  i>bje4:t  ia  verj'  near,  the  k-ns  of  the  eye  can  not  refrmct  I 
tbem  «Doagb  to  brin^f  them  together  on  the  retina.     In  tliii 
cunditioii.  iuatead  nf  all  the  rays  from  A  Iteing  hronght  to- 
gvtber  at  «,  they  will  tend  toward  a  [»oinl  Imck  of  a  and  will 
be  Bpread    over  a  Utile  himH  around  a,  and  so  with  every 
point.     The  imagea  of  the  difForent  ]>uiDta  of  AB  will  over- 
lap and  form  an  indistinct  imagu  on  r.     Conaequently  the 
object  can  not  be  neen  distinctly. 

Ttie  ooncluaion  ta  that  the  niya  may  diverge  a  little,  but 
niut  not  dirergv  \-ery  mnch  if  they  are  lo  form  a  diatinct 
image  on  Uie  retina.  The  amount  of  the  divergence  admis- 
nU<  ean  he  aeien  from  ttio  fact  that  the  pnpil  uf  the  eye  in 
fnim  iioe-Iifth  t>i  one-qiiartpr  of  an  inch  in  diameter,  while 
tlte  diKtance  of  moat  distinct  viainn.  that  is.  sharpcat  image* 
on  the  retina,  i*  from  15  to  20  inches.  From  tbe  priuciplva 
of  Art.  20  and  these  data,  it  is  found  that  tlie  eye  caii  bring 
niya  tn  a  alnrp  fiwua  only  if  the  extreme  ones  which  enter 
'  B  pupil  diverge  leva  tlian  about  45'. 
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tf.  tte  Stmplt  Lni  aai  Its  Inugc- — There  are  oertain  1 
■erioo*  diflbniltiM  to  be  ovcrrome  as  far  as  pnasihle  in  nin-  I 
■tmetiag  ■  telMOOpe,  but  the  suhjeet  will  be  beat  underwIoiHl  \ 
by  Sntcontidering  the  general  principlea  which  are  in  vol  veil, 
I  tu  tbeae  refliietueata.     A  ntfractin^  \kW 


B 


80  INTRODUCTION  TO  ASTRONOMY 

scope  consists  of  two  essential  parts.  One  is  a  lens,  the 
objective^  which  gathers  the  rays  and  forms  an  image  of  the 
object,  and  the  other  is  the  eyepiece^  which  enables  us  to  see 
the  image  and  in  a  sense  magnifies  it.  The  objective  is 
treated  in  this  article. 

Let  L  be  a  double  convex  lens  whose  two  surfaces  may 
have  quite  different  curvatures. 

Let  AB  be  a  very  distant  object.  (In  the  figure  it  is 
necessary  to  represent  it  as  being  near.)     All  the  rays  from 

A  which  strike  L  will  be  very 

nearly  parallel.     Suppose  all 

the  rays  from  A  are  refracted 

,,      ,,  to  the  point  a  and  that  those 

rio.  2'). 

from  JB  are   refracted  to  b, 

etc. ;  tliat  is.  there  is  in  the  air  at  ab  an  inverted  image  of 
the  object  AB.  Only  three  rays  from  each  of  the  two 
points  are  given  in  the  liofure. 

66.  Magnitude  and  Brightness  of  the  Image. — It  is  seen 
from  Fig.  20  thai  from  every  point  of  AB  there  is  one  ray 
which  passes  through  the  center  of  L  and  whose  direction  is 
not  cliantjed.  Consider  the  ravs  from  the  extremities  of -4^; 
then  it  follows  from  the  figure  that  the  angular  diameter  of 
the  object  and  of  its  image  as  seen  from  the  center  of  i  are 
the  same.  Therefore  tht*  ditmeti'r  of  the  image  is  directly  pro- 
2)ortlon(il  to  tfi<  disfann'  from  tJic  objective.  It  is  to  be  observed 
thai  this  slalement  is  true,  whatever  the  diameter  of  the  lens 
L  may  ha. 

Consider  a  lens  of  given  size.  It  admits  a  definite  amount 
of  light  from  the  c)bjeet.  This  light  is  distributed  over  the 
image,  and  it  follows  that  the  brightness  of  the  image  de- 
creases directly  as  its  size  increases.  Suppose  the  object  is 
a  surface ;  then  the  size  of  the  image  increases,  and  its  bright- 
ness decreases,  as  the  square  of  its  distance  from  the  objec- 
tive increases.  But  the  brightness  of  the  image  depends 
also  upon  the  amount  of  light  admitted  by  the  objective. 
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I  ii-'  Hglil  ailmittetl  varies  directly  a«  tlie  surface  of  the  ob- 
^'  rtivc,  or  n»  tiie  Mjuuri-  nf  iu  dinnieUT.  Hcnoe  the  final 
rcKtilt  u  that  lA*  hrigklntit  i^f  th*  imngt  fi»rmrd  ti\f  an  ofijtetire 
puriVfl  «fl  lAe  iquare  of  thr  npFrtarr  (<liiiiin:-tcr  of  the  objoctivp) 
and  imr^nelif  at  the  »i/uare  of  tht  /oeai  len<ft\  (the  (liat«nc« 
fruFii  ihi?  objcL-livK  to  the  im»g<>)- 

67.  Pbotographing  the  Image.  —  If  a  senmtive  phite  u* 
••{[••Mil  ut  th(!  ftJCHl  iilitiit!,  t)iu  image  of  the  object  will  be 
Mvuml.  Suppo(M>  ttie  i>hj(!Cl  is  lirigiit,  like  the  sun  or  mncii) ; 
tlirn  it  M  Btlvanlagi'oiLK  Ut  uw  a  t<■h^«o<(|H<  with  a  long  fuciil 
IiriKtK  for  tht-nt  will  Ik^  no  luck  of  li^iit  wlii.-n  tho  iniage 
1^  large.  Sup[>cim.  on  tlii*  oth»r  hnad.  thai  tlii<  uhjuvt  ia 
\  'TV  fainL,  liki;  somv  of  tho  nebulaa ;  ihun  it  ia  advantageoua 
t"  uiK  a  tel«aco{M>  with  a  Hhort  fociU  length,  for  the  jiroblcm 
ia  to  Mcure  on  image  bright  enough  ho  that  a  piotnre  may 
be  Moared  in  the  time  whieh  can  lie  given  to  un  cx^iosure. 
Id  tbia  caue  the  acale  of  the  {tictnre  will  be  Hmull.  hul  when 
cometa,  DttbaUa.  and  other  fnint  obj«.-t«  nf  large  ext«nt  are 
pbotognpbad,  thU  ia  not  an  objectionitblu  featnrc. 

M.  fliMlig  tkm  Inige.  —  In  treating  the  probh'm  of  meing 
the  image,  a  atngle  point  of  it  may  he  conaidered ;  for.  if  the 
individual  points  ran  Im  «ei>n  se|ianitely,  there  will  bo  no 
triHible  with  any  number  of  them  together. 

S(ip|>oae  the  object  ia  very  remote  and  that  the  aenaibly 
parallel  nj-a  frum  one  nf  ita  poinbt  strike  the  lens  L  and 
|Mtaa   thnmgh    the  ^ 

U^n-tF.    The  light    -: 

luIdmakeajMiint 


.'11  a  pb>itognt{<ht»      — ?  V  "'"-"""""  I 

,.u„  „,.«.!  .y.    -"^ :i^ 

(  oiuuiler  ttte  eUix't 

oD  the  eye  pluonl  at  F.  The  rays  oome  to  a  point  nn  tha 
- .  letia  of  the  eye  from  the  whole  objective.  Since  tliey  are 
LrtOBvergiag.  tbey  will  n»t  be  brought  to  n  focua  on  the  retina, 
Htod  the  whole  objective  will  appear  to  be  fiUwi  w'vVV^\v%\xX. 
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small  lens  H^  more  convex  than  i,  at  such  a  distance  from  F 
that  the  divergent  rays  which  fall  upon  it  emerge  parallel. 
Then  the  whole  cylinder  of  rays  which  entered  i  parallel 
emerge  from  U  parallel  in  a  much  smaller  cylinder.  If  the 
eye  is  placed  anywhere  back  of  U^  parallel  rays  will  enter  it 
and  will  be  brought  to  a  focus  on  the  retina.  The  object 
will  appear  to  be  a  point  just  as  it  does  without  the  telescope, 
but  it  will  be  much  brighter  because  the  cylinder  of  rays  has 
been  greatly  condensed. 

For  illustration,  compare  the  eye  with  a  2-incli  telescope. 
The  diameter  of  the  pupil  is  about  one-fifth  of  an  inch.  The 
light-gathering  power  of  the  eye  and  of  the  telescope  are  to 
each  other  as  the  squares  of  their  apertures;  that  is,  as  (-jy 
is  to  (2)2,  or  as  1  is  to  100.  Therefore  tlie  telescope  enables 
the  eye  to  get  100  times  as  much  light  from  the  star  as  it 
would  ir<.*t  without  it.  On  this  basis,  since  the  ratio  of  the 
light  of  a  first-magnitude  star  to  that  of  a  sixth-magnitude 
star  is  as  100  is  to  1,  if  a  sixth-magnitude  star  is  just  visible 
without  the  telescope,  a  star  five  magnitudes  fainter,  or  the 
eleventh,  wouhl  be  just  visible  with  the  telescope.  There  is, 
however,  (juite  a  little  loss  of  light  by  absorption  in  the  glass 
and  refiec'tiou  from  the  surfaces  of  the  lenses,  so  that  the  ac- 
tual difference  is  less  than  the  theoretical.  But  Argelander 
made  his  great  catalogue  of  stars  down  to  magnitude  9.5 

with  a  2.5-inch  tel- 
escope, which  am- 
ply illustrates  tlie 
value  of  even  a 
small  instrument. 

Now  consider  the 
case  of  two  lumi- 
nous points,  as  stars, 
near  together  in  the 
sky.  After  passing  through  the  objective  the  rays  converge 
at  two  points,  F  and  F^  in  Fig.  30.     Now  place  an  eyepiece 


c 


Fio.  30. 
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\ctm  at  rtoch  a  disUnca  from  F  and  I"  tlutt  the  tvro  cones 
of  niTs  emerge  from  it  in  two  sets  of  parallel  raya.  When 
the  eye  is  placed  bock  of  the  eyepiece,  the  turo  oeU  of  par- 
allel rays  are  brought  together  at  two  point«  on  the  retina, 
ant)  the  ohjeirl  appearg  lo  oonsUt  of  two  |>oii)tH,  iia  it  does 
without  thi>  tvli-xcojre.  'I'linre  nro  two  difTeronueK.  In  the 
first  place  each  p»int  ap[K-nrfl  hrightvr,  fur  each  oyltndur  of 
nys  is  greatly  condensed;  and  in  the  ttucond  place  the  two 
piunta  appear  farther  ajiart.  for  the  mya  e  and  r'  make  a 
greater  angle  with  each  other  after  paiwing  through  the  eye- 
ptpcc  than  they  do  Wfore. 

70.  MasalfTing  Power.  —  The  ratio  between  the  natural 
appnrvnt  uti^ular  diumeU-r  of  an  object  and  its  apparent 
auf;ular  diameter  aa  K'cti  Ihroii^^h  tlie  ti'leacopo  is  the  mag- 
aifying  powi>r  of  the  tek-sco[>o.  In  Fig.  30  the  natural 
angular  Mjiantion  of  the  two  objcct«  is  the  angle  between 
e  and  e'.  or  the  angh>  subtended  by  PF"  na  M'en  fr<im  the 
c«nter  of  L.  Tlie  anguhir  He|uirali<»ii  as  sci*h  thningh  the  eye- 
piriv  is  the  angle  Hubtt'odeil  by  FF'  as  seen  fnmi  the  ecnivr 
■>f  K.  These  two  ani;li*«,  which  an>  small  and  subtended  by 
the  same  distatiec  FF',  arc  to  each  other  nearly  iovemcly  as 
the  diatann:  of  FF'  from  the  two  lenses.  For  a  given 
objective  the  sJiorter  the  focua  of  the  eyepiw*  the  highi'r 

)  magnifying  ]h)w(t:  and  for  a  given  eyepiece  the  longer 

I  fw'o*  of  the  obj<M:tive  the  higher  lb*"  magnifying  jmwer. 

e  canverae  slJitenieiitM  art^  also  trtie.     That  is,  tlw  magni- 

ing  power  of  any  combination  of  objcwtivo  and  eyepiece 
'   focal  length  of  tlie  objective  divide*!   by  the  focal 

4;th  of  the  eye|jiece. 

ample,  if  the  focal  length  of  the  ohjeetive  ia  .Stt  inches. 

I  if  tlie  foral  length  of  t)io  eyepiece'  is  threc-fourtlu  of  an 

'  I.  the  magnifying  powt-r  is  S*)  ■*■  O.TJi  ■>  49. 
i  A  very  simple  and  eonvenieni  way  of  ramunring  the  mog- 
l  power  of  a  given  combinaliim  of  otijeclire  and  eye- 
s  b  to  foctu  on  a  star  and  turn  the  teleaoov^  on  \.V<i«  vk.*; 
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in  the  daytime.  A  cylinder  of  rays  will  emerge  from  the 
eyepiece,  and  the  ratio  of  the  diameter  of  the  .objective  to 
that  of  this  cylinder  is  the  magnifying  power  of  the  combi- 
nation. With  a  given  objective,  which  is  the  expensive 
part  of  a  telescope,  several  eyepieces  generally  are  used 
giving  various  magnifying  powers. 

71.  Seeing  Large,  Faint  Objects.  —  The  more  an  object  is 
magnified,  the  failher  apart  are  the  images  of  its  parts  on 
the  retina.  This  means  that  the  light  which  enters  the  eye 
is  spread  over  a  larger  surface  and  the  intensity  is  corre- 
spondingly l(*ss.  Consequently,  it  diminishes  the  apparent 
briglitness  of  an  object  to  magnify  it,  and  in  viewing  faint 
objects  of  finite  apparent  dimensions,  a  low-power  eyepiece 
sliould  he  used.  The  i)rincipal  objects  of  this  class  are 
comets  and  n(»bulas  which  generally  are  of  considerable 
angular  dimensions. 

It  is  advantageous  to  see  as  much  of  an  object  as  possible 
at  c)noe,  and  here  again  the  low-power  eyepiece  has  the 
a<lvantag(\  A  liigh-i)o\ver  eyepiece  must  be  very  convex, 
and  this  limits  its  diaincter  so  that  it  takes  in  only  a  small 
part  of  tlie  rays  which  come  to  a  focus  in  the  focal  plane  of 
th(^  objective.  Conu*t  hunters  always  use  low-power  eye- 
pieces so  as  to  secun^  high  illumination  and  a  wide  field. 

72.  Seeing  Small,  Bright  Objects.  —  Suppose  the  object  is 
a  verv  close  double  star.  The  imaj^o  of  each  star  in  the  eve 
is  a  [)oint,  for  the  two  systems  of  rays  emerge  in  parallel 
lines  from  the  eyej)iece.  Consequently,  a  liigh  power  does 
not  diminish  the  brightness,  but  makes  the  stars  seem  farther 
apart.  This  is  precisely  what  is  desired  in  order  that  they 
may  be  seen  separately.  Therefore  in  such  work  a  high 
power  should  be  used. 

A  word  of  warning  needs  to  be  given  at  this  j)oint.  The 
irregular  density  of  the  air  and  the  waves  in  it  cause  serious 
troubles  in  the  image.  This  is  the  source  of  the  twinkling, 
or  sciniittationj  of  the  stars  as  seen  with  the  unaided  eye. 
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'Dm;  ining«  fontiMl  by  the  objective  is  subject  to  mun;  im- 
(wrft^liitnK,  M')nie  of  whioh  will  bt*  discuMwd  iminediAt«ly. 
TIw  eyt-iiiiMM  alwi  biu  va,noiis  fnulLs  which  incrt-ase  raj>iclly 
a»  ita  pciWKr  iatruaawi.  The  errors  due  to  the  ntnio!t))her« 
maii  the  (ibjertiro  are  uiagnilied  by  the  fyeitiece  just  th« 
taniv  aa  tlw  correct  parts  of  the  image.  Whfii  the  inaj^uiB- 
cation  ia  Mitall,  llie  eye  mnootha  out  niotit  of  t)io  irrvfjulurities, 
and  a  nvarly  drriMrt  iniiirvmion  u  obtained ;  but  when  the 
mafpiitioatioti  is  lar^e.  tiic  eyepiece  is  more  imperfect,  and 
the  indiTidiial  uscilUtiona  traverse  so  many  of  the  nerve 
tt-rniiiuila  of  the  retina  that  the  imajfe  appeara  blurred. 
K'-r  tlieae  reaaoiu  one  must  be  on  hirt  guanl  a^initt  using 
■•••>  htgb-powor  «y«pioceii;  the  danger  lies  entirely  in  this 
diret-lion. 

T3.  DUbactlon.  —  Light  is  a  wave  motion  io  the  lutui- 
nifenios  (light-buaring)  ether,  whicb  is  a  fluid  fdlin^  the 
interstellar  siiaces  and  permeating  matter.  The  wuveK  are 
foniethiug  like  tiio««e  on  tlie  surface  of  water,  though  the 
illustnition  i»  far  fmin  [lerfeet.  They  ani  more  like  the 
wvres  through  an  eUstic  solid,  in  which  the  vibrations  may 
he  in  any  direction  in  the  plane  i)cr|)endiuular  to  th«  tine 
of  propagntion. 

It  foUom  (rom  the  wave  theory  of  light  that  the  image  of 
m  point  MHirce  of  light  throt^[h  a  perfectly  c<i»»tr»ctod  object 
glaa*  is  not  exactly  m  jioint,  as  has  been  supjMMed  altove,  hut 
a  small,  luminoti*  cinle  surrounded  by  a  mrtivn  of  Hugs  of 
light  which  tery  rvjridly  l>ec(ime  faint  as  the  distance  from 
T  center  inrrvases.  The  reasons  for  tbb  imn  not  be  gone 
pfaUt  here  morv  than  to  state  that  the  Iniuble  has  iu  xource 
I  al  the  ciniiuu  fere  nee  of  the  objective,  every  point  uf  which 
acta  Uka  a  wuree  of  light.  It  is  a  |ihenomenon  which  appears 
in  all  ehwaw  of  optical  instrumeuta  and  is  valle«l  diffraeti^it. 
The  bright  circle  attd  series  of  rings  constitute  tho  difTrac- 

r  pattern.      It  is  desirable  to  haw  the  bright  circle  as 
as  poaublc  uul  titc  rings  relatively  incotu^\aw»Mt. 


light 
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The  appropriate  mathematical  discussion  shows  that  the  size 
of  the  circle  is  inversely  proportional  to  the  diameter  of  the 
objective,  and  that  its  relative  brightness,  as  compared  to  the 
rings,  increases  in  the  same  ratio.  This  is  the  chief  reasou 
for  the  superiority  of  large  instruments  in  showing  fine  detail, 
or  in  separating  very  close  objects. 

74.  Spherical  Aberration.  —  Suppose  the  object  glass  is  a 
perfectly  accurate  double-convex  lens,  and  suppose  the  light 
is  all  of  the  same  color.  It  can  be  shown  by  a  mathematical 
discussion  that,  even  though  the  diffraction  be  disregarded, 
the  rays  from  a  point  source  of  light  do  not  pass  through  a 
single  point.  Those  which  pass  through  the  marginal  por- 
tions of  the  object  glass  are  brought  to  a  focus  nearer  the 
objc(!tive  than  those  which  i)ass  through  the  central  portions. 
The  iina<^e  on  a  scrtu^n  held  at  any  distance  is  a  small  circle 
insteiul  of  a  [)()ijit.  This  error,  which  is  due  to  the  use  of 
spherical  surfaces,  is  called  spherieal  aberration. 

It  is  easy  en()ui:jh  to  calcuhitc  what  form  the  surfaces  should 
Iiavc  in  order  to  give  no  errors  of  this  type,  but  it  is  very 
didicult,  if  not  iin[)ossible,  to  grind  and  polish  to  these  forms. 
The  error  can  be  (corrected  almost  perfectly  by  using  two 
lcns(;s  in  the  oi>jective,  and  at  the  same  time  the  trouble  to 
be  discussed  in  the  next  article  can  be  largely  overcome. 

75.  Chromatic  Aberration.  —  It  was  seen  in  Art.  63  that 
when  light  })asses  through  a  prism,  it  is  spread  out  into  a 
spectrum  of  eolors,  tlie  violet  being  refracted  most,  and  the 
red  least,  of  that  which  is  visible.  In  a  precisely  similar 
way,  when  light  j)asses  through  a  lens,  each  beam  is  spread 
out  into  a  spectrum.  If  there  were  no  diftVaction  or  spheri- 
cal aberration,  a  single  lens  would  still  give  a  very  imperfect 
image,  for  every  color  would  be  brought  to  a  focus  at  a 
different  distance  from  the  objective,  the  violet  l)eing  the 
nearest  and  the  red  the  farthest  of  that  wliich  is  visible. 
This  imperfection  in  the  image  is  called  chromatic  (color) 
iiberralion. 
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n.  Csmpoand  Objectives.  —  The  diffraction  i»  n  trouble 
wkioh  emu  tmi  W  n-itii>iiiud,  but  the  Hpliurical  and  ohroniHtio 
alwnmtiotui  c«n  Iw  uvi;rui>ine  almoKt  eiilindy  b,v  usiiij;  com- 
jMiand  ubjm.tivi'S  of  two  kinda  of  ^Iium  haviD);  diffi-runt 
limpertim  of  refraction  and  of  (Us]ierHion.  \  common  tjpu 
will  bu  ex)>taiued,  though  tboru  are  ncveral  otlieni  which  are 
about  aa  good. 

The  objective  consiste  of  two  Icnttm,  a  doiiblp>conv«x  in 
front  and  a  oooravo-convex  Iwhtnd.  Th»  Tintt  Iviis  in  of  crown 
gUaa  with  the  front  surface  a  Utile  6ntt«r  than  tho  second. 
If  it  Wtfro  not  for  the  necond  lens,  tlie  visible  rays  would  be 
broQgbt  to  a  foctis  along  tlie  line  J*.  the  focus  of  the  nxl 


V. 


;  fartbeat  frooi  the  objective.     These  colors  ar«  consid- 
bljr  nixed  up  by  thn  spherical  aberration,  for  the  mar- 
inal  tayi  are  brought  to  a  forus  sooner  than  the  rentml. 

■  the  marginal  n^<l  might  full  on  the  central  yellow. 
The  second  tens  is  of  llint  g\iu*.  U«  timl  surfacv  is  con- 
»  and  a  little  more  ciirvml  lli.in  the  »e<nmd  surface  of  the 
cn>wn  lens.  Convex  and  concave  surfaces  act  opp<«itely  on 
r»y*  of  liifbt,  tlic  latter  Bpreadio);  them  out.  Flint  gla^s 
refracts  \\g\it  more  than  entwn.  and  its  dispendon  is  not  only 
greater,  but  it  is  greater  in  projurtion  U*  iu  refraction.  Now 
the  firrt  surfaa-  of  tlie  flint  gbws  not  otdy  tends  Ut  apnuwl 
nut  the  light,  that  ia,  to  bring  the  nya  back  (larallul,  but  it 
acts  nio«t  on  tlie  violet  end  of  the  iqiectrum.  Tb«  result  is, 
neglecting  the  action  of  the  second  surCaoe  of  the  flint  lent, 
that  the  focus  is  tlie  line  F".  the  focus  of  lh«  violet  being  a 
little  fiarther  from  the  obici-tivo  than  that  at  the  t«d..    'YNua 
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last  surface  is  very  slightly  convex  and  shortens  the  focus  of 
every  color,  but  the  violet  the  most.  The  result  is  that,  when 
these  four  surfaces  are  properly  chosen,  all  colors  come  to  a 
focus  very  near  to  the  required  point  F. 

The  correction  just  discussed  is  not  perfect,  for  the  two 
kinds  of  glass  disperse  the  dififerent  parts  of  the  spectrum  in 
relatively  difiFerent  amounts.  Thus,  if  the  surfaces  are  such 
as  to  bring  the  yellow  and  green  accurately  together  at  F^  it 
is  found  that  the  otiier  colors  are  a  little  inside  or  outside  of 
F.  In  the  best  objectives  the  yellow  and  green  are  brought 
to  a  focus  at  very  nearly  the  same  point,  and  the  other  colors 
at  slightly  greater  distances. 

Our  eyes  are  most  sensitive  to  light  in  the  yellow  near  the 
green,  while  ordinary  photographic  plates  are  most  sensitive 
to  the  blue.  If  the  telescope  is  used  for  photographic  work, 
the  objective  must  have  a  color  correction  dififerent  from  that 
which  is  required  for  visual  purposes. 

It  is  easy  to  show  in  a  general  way  how  the  spherical  aber- 
ration is  corrected.  The  spherical  aberration  depends  not 
only  upon  the  focal  distance  of  the  objective,  but  also  upon 
the  way  tlir  work  of  refraction  is  distributed  among  the  sur- 
faces. As  a  g(*neral  rule,  the  more  evenly  the  work  of  refrac- 
tion is  divided  among  the  surfaces,  the  less  the  spherical 
aberration ;  and  also,  the  greater  the  number  of  surfaces 
wliicli  are  used,  the  less  the  spherical  aberration.  Surfaces 
which  collect  the  rays  give  a  positive  spherical  aberration, 
and  tiiose  which  spread  them  out  a  negative  spherical  aberra- 
tion. In  tlie  objective  represented  in  the  diagram  (Fig.  31), 
the  work  of  collecting  the  rays  is  distributed  among  the  first, 
second,  and  fourth  surfaces,  while  that  of  spreading  them  out 
is  all  done  bv  the  third  surface.  It  follow^s  that,  when  the 
surfaces  are  properly  chosen,  even  though  the  whole  result 
is  a  gathering  of  the  rays,  the  positive  and  negative  spherical 
aberrations  just  balance  each  other. 

This  discussion  has  been  made  for  a  point  source  of  light. 


TSISSCOFES  yi 

Wtwii  the  sourcu  \a  a  Burfane,  tliu  li^lit  from  it  diukI  all  \m 
broaght  lu  a  fooiu  Ui  the  wuue  plane  and  witliout  distortinu. 
It  is  a  aonif  what  ■.■()iii|>liuit«(l  mathematical  problem  tu  satisfy 
■imultatKouttly  all  tbiMu  voiiditiuiiii,  ami  it  must  Iw  solved 
•eparately  for  every  pair  of  glaww!*. 

Tlie  curvature  of  the  surfai^tHi  in  miioh  leM  than  one  would 
imagint*.  For  a  >'>-inch  telescope  lliv  food  length  in  geiu-nilly 
about  80  inchm,  and  the  most  curved  surface  is  the  siuiio  m 
that  of  a  sphere  8t)  or  -10  inches  in  diameter. 

77.    Photographic  Refractors.  —  When  aii  objective  ia  eon- 
•trutrted  for  vimiai  jmrpoMes.  it  is  not  suitable  for  photographie 
wotit,  becauve  pholngrapbir  plates  are  ordiaarily  nioHt  sonai- 
uve  to  the  tndigo-blue  lij^ht  inHtiuul  of  the  yellowgreeik.     If 
tbo  objoctive  Is  desif^ned  for  photographic  work  alone,  it  can 
be  corrected  for  the  npprojiriate  part  of  the  apeclrum  hy  tho 
metliod  explaiocd  in  the  Ust  article.      A  visual  objective 
tnay  be  oorre<cted  so  that  it  will  foeus  the  phoiographio  rays 
by  pUciDg  in  front  nf  it  another  lens  luivtng  the  pro)i«r  sur- 
face*.    Pidcering  ha8  deviseil  an  objective  which  brings  the 
visual  rmya  lu  a  fueus  when  one  side  is  in  front,  and  the  pho- 
tngraphio  wb«n  it  is  lumed  around. 
I      Another  mvtho<l  of  using  a  visual  telescope  for  photographic 
I  pitrjKwes  is  to  cut  tmt  tbo  jHwrly  fixmsseil  indigo-bliie  rays  by 
nauitablo  absorbing  medium  placed  in  their  iwth  iirar  the 
KrincJiwI  fiH-us,  and  to  use  plat«M  specially  8ensitiz«d  to  tho 
^Hwial  ntys. 

B  78.  EjvpiMoo.  —  The  eyepiece  has  been  spoken  of  hereto^ 
^Br«  <  Arta.  OU  and  70)  as  though  it  oonsisttMl  of  a  Mingle 
BDnble-conrex  lend.  Suidi  au  eyepioce  is  raiisfactor)'  for  a 
^■mII  objeel  in  the  middle  <>(  the  field  ;  but  lo  seciiTv  a  largo 
^Btld  and  giNKl  deiinition  rnm}K]und  eyepieoes  must  be  used. 
HBbry  ant  of  two  kinds:  the  ^ai'riV.  in  which  the  foeus  of 
^Pm  cdtjective  is  outside  of  the  eye|iieee,  and  tlie  n/j^tirt,  in 
pbich  it  ia  witlun  tlie  eyopieee.  The  former  waa  inventod 
Klen  and  the  Utter  by  Ituyghon*. 
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Fig.  32. 


The  Ramsden  eyepiece  consists  of  two  plano-convex  lenses 
of  equal  focal  length  placed  with  their  convex  sides  toward 
each  other.  The  distance  between  them  is  about  two-thirds 
of  the  focal  length  of  eitlier,  and  the  one  toward  the  object 

is  distant  one-fourth  of  its  own  focal 
length  from  the  focus  of  the  objective. 
Thus,  in  Figure  32,  F  is  the  focus  of 
the  objective,  A  the  front  lens,  called 
the  field  glass^  and  B  the  one  next  to 
the  eye,  called  the  eye  glass.  The  fig- 
ure shows  how  the  converging  rays  from 
the  objective  pass  througli  the  eyepiece  and  emerge  parallel. 
When  the  eye  is  placed  behind  the  eyepiece,  the  parallel  rays 
fall  on  the  retina  at  a  point  whose  position  depends  only  on 
their  direction. 

The  lluyghenian  eyepiece  consists  of  two  plano-convex 
lenses  with  their  convex  surfaces  turned  toward  the  objec- 
tive Tlie  field  glass  has  a  focal  length  equal  to  three  times 
that  of  the  eye  glass.  The  distance  between  the  two  lenses 
is  equal  to  twice  the  focal  length  of  the  eye  glass,  and  the 
field  glass  is  placed  between  the  objec- 
tive and  its  focus  at  a  distance  equal  to 
one-half  its  focal  length  from  the  latter. 
Thus,  in  Fig.  33,  F  is  the  focus  of  the 
ol)je(;tive,  but  the  rays  are  intercepted 
by  the  field  glass  before  they  reach  this 
point.  The  figure  shows  the  path  of 
the  rays  through  the  eyepiece.  i>  is  a  diaphragm  which 
cuts  off  all  rays  which  would  not  fall  on  the  eye  glass. 

In  both  cases  the  image  is  inverted  by  the  objective,  and 
is  not  again  brought  upright  by  the  eyepiece. 

79.  The  Reticle.  —  It  is  often  desired  to  measure  short 
distances,  such  as  the  angular  separation  of  the  two  compo- 
nfiiitB  of  a  double  star.     This  is  accomplished  by  means  of 

rhioh  consists  of  a  frame  holding  spider  lines,  or 


Fio.  33. 
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WHnething  eljie  eqmnUrnt,  in  the  [>luii«  of  ihe  foctu  of  tbe  1 

objeotiTe.      Thiw,  Kif;.  34  rvprvscnlM  ii  vrosH-MCtinn  of  th«  ' 

telsMupaat  thti  focaJ  plaito  nf  lliu  tibj<.-ot)vu.     A  iluiibl«  Btar 

u  in  tlw  SeliL,  and  tlio  olijcwtive  tDakpM  imagos  of  the  two 

coinpaiiBiita  iii  tliU  jilunc.    Thu  reticle  frame 

u  Mttacbed  in  (ttidi  a  way  that  it  may  be 

rotat«l  ao  as  to  bring  thi>  spider  lini?  x  in 

line  with  the  two  ntara.     The  lines  h  and  e 

»re  perpend  id)  hir    to   a.     The   telescojie    is 

nioTcd  M>  tliat  finc!  of  them,  as  b,  falls  on  one 

of'  t)>e  fttart.     Ttic  other  i»  movable,  and  is 

■htftdl  by  a  ecrvw  with  n  gntiluateil  heai) 

luitil  it  CfdnuidiM  with  tht.<  ntliwr  Mtiir.     The  niinilwr  of  mttw  i 

tiuoa  of  the  screw  and  the   knnu-n    An;;iilar   vidtn*   of  one  1 

rotatinn  give  the   angular  distam-o  q[   thu  twii   stars  fmm  [ 

each  utlier. 

Tbe  iipider  line*  are  illunun»ted  from  the  side,  except  when  I 
rerr  briifht  objects  are  ineasnroU.  'V\k  linvK  van  be  seen  i 
tbroQgh  the  vycpiecc,  for  th«y  ara  at  the  platte  which  te  in  | 
focus  for  the  eyepit'ce.  They  are  always  used  with  a  Hatn*-  1 
den,  or  poaitiTo,  eyepiece ;  with  the  IluyghcnUn  it  would  be  J 
neoemmry  lo  place  them  in  the  eyepiece  itself,  which  would  I 
involve  nianjr  difHculliea.  It  is  immaterial  what  {Miwer  eyw-  ' 
pi«ce  is  iwmI.  for  the  star  distances  and  reticle  lines  ant 
kJwaya  magniflird  tlto  same. 

It  is  ap)nn-nt  fmm  the  preceding  discussion  that  eyepi(<4:«i 
•te  simple  and  inexpensive  as  compared  nnth  olijeciivua, 
wliirli  iDDsi  be  made  with  the  very  grvati^st  cure.  Kyepin-oa 
■eldnni  coat  morv  ituin  twenty-five  dollars,  while  objectiva 
■OBt  all  tbe  way  from  a  few  dollars  up  to  many  thousands. 


fnsnovs  abd  bxphumehts 

-E*erjr  iehool  almuUI  tw  niui|>i>-l  witli  at  low*  a  snail  i 
Wb«B  vork  wtib  U  b  gvidMl  l>>-  a  kiiovkKl|c«  ot  iu  Oitarj  sad 
*  ■  baa  olMBnratioaa  mn  mstl*  bi  *e*i  mhhMih^  it  IwcoliMi  a  tnoA 
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fascinating  instrument.     If  a  telescope  is  available,  Chapter  ITI  should 
be  gone  over  again  and  its  statements  verified  as  far  as  is  possible. 

1 .  Suppose  light  passes  from  water  to  a  prism ;  will  it  be  refracted 
as  umch  as  when  it  passes  from  air  into  the  same  prism  ? 

2.  Would  a  fish  require  a  more  convex  or  a  flatter  eye  than  a  laud 
animal  if  the  lens  in  his  eye  were  of  the  same  material? 

3.  Would  a  fish  require  a  denser  or  rarer  lens  in  his  eye  than  a  land 
animal  if  it  were  of  the  same  shai)eV 

4.  If  you  open  your  eyes  under  water,  you  can  see  distinctly  only  a 
small  surface  directly  in  front  of  them.  What  is  the  reason  the  field  of 
view  is  80  restricted  ? 

5.  Are  the  lenses  too  convex  or  too  fiat  in  the  eyes  of  a  nearsighted 
person? 

6.  Does  a  nearsighted  person  need  convex  or  concave  glasses? 

7.  Are  diffraction  ])henoniena  present  in  the  eye? 

8.  Find  your  distance  of  liiust  distinct  vision  by  observing  something 
very  fine,  as  tlie  stride  on  a  crj'stal. 

9.  Is  the  image  on  the  retina  inverted  ? 

10.  Could  you  see  the  image  «/>,  Fig.  26,  by  looking  in  at  the  side  of 
the  t(?lescoi)e  ? 

11.  The  angular  diameter  of  the  moon  is  about  one-half  a  degree. 
AVhat  is  the  dijinieter  of  its  image  in  a  telescope  whose  focal  length  is 
Wl  inches?  Wluit  is  the  diameter  of  its  image  in  the  Terkes  telesc(^ 
whose  focal  length  is  02  feet? 

12.  IIow  does  the  brightness  of  an  image  in  a  telescope  of  2  inches 
aperture  and  .*52  inches  focal  length  comi>are  with  that  in  one  of  4  inches 
ajicrture  and  04  inches  focal  length? 

\\\,  Verify  by  ex|)erinieiits  tlie  statements  made  in  Art.  68.  For  faint 
objects  use  the  mcxms  of  Jujuter,  the  stars  within  the  bowl  of  the  Big 
Dipper,  or  the  stars  next  fainter  than  the  first  seven  in  the  Pleiades. 
For  the  t^'st  of  sei>arati()n  look  at  the  markings  on  the  moon,  or  at 
Epsilon  Lyne,  or  at  Miziir  and  Alcor. 

11.  IIoNv  larj^o  wouhl  an  objective  have  to  be  in  order  to  be  as  much 
more  jiowerful  than  a  2-inch  in  gathering  light  as  a  2-inch  is  more 
powerful  than  the  eye? 

15.  If  an  objective  of  a  given  diameter  shows  stars  of  a  giyen  magni- 
tude, how  much  larger  an  objective  will  be  i^equi red  to  show  stars  one 
magnitude  fainter  ? 

16.  Tr\'  low  and  high  powers  on  the  Orion  or  Andromeda  nebula  to 
verify  the  statements  of  Art.  71. 

17.  Look  at  Algol  to  verify  the  statements  of  Art.  72. 

18.  Hold  a  lighted  match  a  little  below  the  objective  and  a  footer 


TSI.SSCOPES 
>  in  fooal  of  ft  vhiie  obMrving  ■  bright  aUr  t«  • 


It.  tf  »  |>ancil  w«t«  bold  eloae  in  front  of  tfa*  obJKtir*,  couU  it  bt 
mn  iknmgh  tbo  telcKope  ? 


THE   BEFLRCTINri   TELESCOPE 

SO.  The  Mirror.  —  When  a  ray  of  Mghl  of  any  polor  strikefi 

a  smmrtli  rvdoclia)^  surface  at  any  angle,  it  is  retlerted  from 

Tilt'  turttux  Ht  the  oaine  angle.     Tliia  law  uf  reStMitiun  ia  at 

);-  \m»i»  of  tlw  theory  of  refiectinf;  twleacoiHW. 

In  Fif;.  •to,  M  is  a  concavtf  mirror  with  a  syst^^in  of  parnlli^l 

ravs  falling  on  it.     When  it  has  the  proper  sliape.  they  ar« 

all  rcflv<-t«d  to  (he  footu 

/'.   at    which    there    is 

an  image  of   the  point 

Mmmr   of   lighl.      Thv 

rrajuired   ahape   nf    the 

tntmir  U  a  surface  caUei) 

B   parmMoid.      For   the 

■mall  aection  tued  it  ia 

I  •early  Uie  aame  an  a  apherii-al  nurface,  the  difference  being 

»  a  liltl<^  flatter  towanl  tlii>  mnrgitut. 

]f  one  could  plaot*  an  eyepiree  lit  (lie  projtrr  iHotance  to 

t  Itrft  of  F.  \»f  wonld  sent  the  utar  just  the  same  as  with  a 

letor.     Hut  in  this  jKHiition  he  would  nhut  off  the  inci- 

nt  raya  nf  light.     The  three  principal  artificrs  which  have 

ton  UM^I    to  cnahle  one  to  mh;  iho  image  without  cutting 

•  light  fntni  tite  tdiject  are  illustrated  in  tlii;  diagrams 

f  FiK.  W. 

In  all  the  diagram*)  .V  in  the  large  mirror  and  E  thci  eyo- 

piivt!,  wliieh  i>  the  name  u»  that  which  in  used  in  a  refmcling 

l«Ieaeope.     In  (lie  Newtunian  Ielc»Hyi|w,  the  rayaare  rcflecteii 

bark  In  a  anuUl  nght-an^ldl  prism,  which  is  plareil  m>  that 

'  I  hypothenuao  face  niakea  an  angle  of  4>V  with  Uie  side  nf 

I  tolwoope.     The  light  enters  the  prism^  ia  rcflccXjcA  (t^mw 
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The  general  consensus  of  opinion  seems  to  be  that  for 
ordinary  visual  work  the  refractor  is  preferable,  and  that 
for  special  photographic  and  spectroscopic  work  the  reflector 
is  preferable.  The  great  observatories  are  very  generally 
equipped  with  both  kinds  of  instruments. 
.  83.  Size  of  Telescopes. — Instruments  of  larger  and  still 
larger  dimensions  have  been  made  until  one  might  be  led  to 
suppose  that  there  is  almost  no  limit  to  the  size  and  power 
which  they  will  eventually  attain.  Less  than  a  century  ago 
there  was  no  refractor  more  than  6  inches  in  diameter,  while 
now  there  are  seven  30  inches  or  more  in  diameter,  and  more 
than  fifteen  others  with  apertures  greater  than  20  inches. 

Reflecting  telescopes  have  attained  still  greater  dimen- 
sions, the  largest  being  6  feet  in  diameter,  while  there  are 
quite  a  number  4  feet  or  more  in  diameter.  There  has 
been  no  increase  in  the  size  of  reflectors  in  recent  times,  for 
the  one  (>  feet  in  diameter  was  erected  in  1845  by  Lord  Rosse 
at  Parsonstown,  Ireland. 

There  are  reasons  for  believing  that  it  will  not  be  found 
advantageous  to  increase  much,  or  even  any,  the  size  of  either 
refractors  or  reflectors.  In  the  first  place,  the  cost  of  a  large 
instrument  is  very  great,  and  the  cost  of  keeping  it  running 
correspondingly  large.  For  exami)le,  the  disks  from  which 
the  40-inch  objective  of  the  great  Yerkes  telescope  was  made 
weighed  in  the  rough  over  a  ton  and  cost  ♦  20,000.  The 
whole  cost  of  constructing  and  maintaining  so  large  an  in- 
strument is  on  a  corresponding  scale.  The  tube  is  over  60 
feet  long,  and  this  causes  so  much  motion  in  the  eye  end,  as 
tlic  telescope  is  turned  from  the  zenith  to  near  the  horizon, 
that  an  observer  can  not  get  up  to  it  on  any  ordinary  ladder. 
To  overcome  this  difliculty  the  whole  floor,  70  feet  in  diame- 
ter, is  made  so  that  it  may  be  raised  and  lowered  by  electric 
power.  This  requires  a  power  house,  and  an  engineer  must 
be  on  duty  every  time  the  telescope  is  used.  An  enormous 
amount  of  time  is  consumed  in  the  manipulation  of  such  an 
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onwicMj  itiBtniiiient.  Proliably  few  luitrnnomGni  would  con- 
■iiler  it  vine  to  «x|>en<1  the  money  to  contitriict  8ttll  largor 
refncton  ami  reflf^torn  when  it  coultl  be  put  to  gixxl  uaea 
in  to  mmay  other  wayK. 

There  »re,  hwwever,  other  reasons  more  important  than 
tho  fiuaocial  for  tielicving  that  tbo  limit  in  aite  has  been 
reftrbcd.  The  Icnsi-a  of  rcfraclors  must  be  supported  at 
llioir  p«rimelera.  As  their  size  and  weight  arc  inoreaaed, 
iltry  ar«  aubjeet  more  to  flexure;  and  if  tliey  are  ma<lc  thit^k 
mou^h  to  withstand  distortion,  l hey  absorb  considerable  light 
■ml  are  not  easily  kept  at  the  Hunie  tem[>i'ratiire  (hrouf^hout. 
Bat  probably  the  mmt  formidabk'  diflicnlty  which  uunfronts 
•stjoDoment  is  of  atmospheric  oHj^n.  A  larffv  objective  or 
mimir  pitih«rs  light  passing;  through  all  phases  of  air  wHveH 
Mnd  gives  an  image  made  up  of  all  of  them.  When  tlie  air 
ia  unaleailr.  the  image  la  very  iiidiatincl  and  oven  worae  lliun 
in  a  umaller  instrument,  aa  every  obaerver  has  found  by  ex- 
[■.-ricnee.  The  air  always  produces  some  irregularities  in 
refrarti'tn,  and  the  problem  is  to  And  wtutt  ajarrture  is  the 
grmtevt  that  can  lie  umhI  to  wlvanluge  under  the  l>est  con- 
ditions. Ex|M>rience  se«ms  to  show  that  the  limit  lias  already 
'O  reached. 

The  length  of  the  tube  of  a  refractor  is  generally  about 

■n  to  eighteen  times  the  diameter  of  the  objective,  and 

Ib  large  instmitvcnu  it  is  difficult  to  keep  the  tempemiureof 

tbo  air  the  aame  throughout  its  whole  length.     Wadswnrth 

baa  abnini  that  en-n  a  slight  variatiuD  in  the  tempi-niture 

a  very  aerioos  effecl  on  the  iroagu,  and  he  concIu<k<d  from 

alooe  that  a   limit   in  size   baa  already  been  reached, 

'onil  which  it  ia  not  wise  to  go. 

There  are  Marions  nievbanical  difficultiea,  hut  they  are 
prolwhly  not  tnsu{(erablc. 

M-  Hiitarkal.  ^  There  are  indefinite  statements  that 
Roger  Uacon  (1214-12^)  and  l^iuird  Diggea  (?-1671) 
inveotcd  iiutrotncnta  enabling  tliem  to  ace  diataat  ob- 
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jects  more  clearly  than  they  could  with  the  unaided  eye,  but 
if  so  their  inventions  passed  unnoticed  and  were  lost.  The 
actual  invention  and  construction  of  the  telescope  dates  from 
Hans  Lippersheim  (?-1619),  a  Dutch  spectacle  maker,  who 
made  a  telescope  in  1608.  He  applied  for  a  patent  on  it, 
but  his  application  was  refused.  This  may,  perhaps,  be 
taken  as  indicating  that  the  idea  was  somewhat  well  known 
at  the  time. 

In  1609  a  report  of  Lippersheim's  invention  reached 
Galileo,  who  discovered  the  method  of  construction  for  him- 
self, and  soon  made  a  telescope  magnifying  three  diameters, 
and  then  one  magnifying  thirty  diameters.  He  undoubtedly 
first  introduced  the  telescope  into  astronomy,  and  he  very 
soon  discovered  the  mountains  on  the  moon,  spots  on  the  sun, 
the  satellites  of  Jupiter,  star  clusters,  etc.  Compared  to  the 
poorest  instruments  of  the  present  time,  his  telescope  was 
very  imperfect.  It  was  not  corrected  for  either  of  the  aber- 
rations, and  its  field  of  view  was  very  small. 

Newton  was  the  great  successor  of  Galileo.  He  recognized 
chromatic  aberration  and,  supposing  it  could  not  be  over- 
come, abandoned  refractors  and  invented  a  reflector.  But  an 
Englishman,  named  Hall,  constructed  an  objective  in  1733 
of  two  lenses  in  which  tlie  chromatic  aberration  was  largely 
overcome.  The  invention  attracted  little  attention  iintil 
1760,  when  the  method  was  rediscovered  and  patented  by 
Dolland,  a  London  optician. 

The  next  important  problem  was  to  cast  disks  of  optical 
glass  of  large  size  and  the  required  purity  and  homogeneity. 
The  first  real  advance  in  this  problem  was  made  early  in  the 
nineteenth  century  by  the  Swiss  glass  maker  Guinand  and 
the  German  physicist  Fraunhofer,  who  together  constructed 
a  refractor  of  the  unprecedented  size  of  10  inches  in  diameter. 
Great  improvements  were  made  about  1840  by  Feil  at  Paris, 
and  thiey  have  been  steady  and  continuous  ever  since.  The 
studies  and  experiments  of  Abl)e  and  Schott  at  Jena,  resulting 


in  the  diaoovcry  of  nuiny  new  kinds  of  glaiw,  and  iHime  of 
tbem  of  much  inipDrtancv,  are  purticuUrly  wurthy  uf  men* 
Uoa.  At  tlie  prvaent  time  mottt  of  ttiv  opiic^il  gliuw  a  out 
eith«r  *i  Jena  or  at  Paris. 

Tbe  work  of  grinding  and  polishing  lenwa  hnn  curriMpcind- 
itigly  «()vani-v<t.  The  tiiiHtt  iviuarkuble  prugreMi  wati  nuulo 
■bout  the  middWuf  tli«  lost  century  hy  Alvaii  C'Urk  of  Coni- 
bridge.  MiuHMu:hue«ttfl.  llo  took  up  the  work  an  u  {MUttitiie, 
hut  he  heciim«  ho  Huccitssful  that  hia  instruments  soon  fouud 
fuvur.  jNirtieuliu'ly  in  ICngland.  His  (irst  large  ohjectivo  wna 
ilii-  IS.ii-inch  of  the  l)eari>orH  Ubservatory  at  Kvanston. 
which  wa»  tininliii]  in  \M'2.  Siiici!  that  time,  with  the  luuiiKt- 
aiicti  of  Ilia  soiu,  he  hat  cronHlnicled  a  majority  of  the  great 
iaMrumenta,  imrlutling  tliu  two  largest  eqnaturially  muuutvd 
rvfractiits  in  tbv  world,  the  34!-inch  at  the  Liuk  Observatory 
mad  the  40-ineb  at  the  Yerkes  Observatory.  Although  not]i> 
ing  eau  detnwt  from  the  splendid  HUt'eeww^s  of  the  darks, 
ihey  hav«.lMd  worthy  rivuls  jn  Sir  Mowanl  Grubh  of  Dublin, 
Stcinheilot  Munich,  and  the  llfurys  of  I'aris.  The  success 
of  the  Clarks  in  the  mere  nunib<T  uf  large  instruments  un- 
doubtedly cornea  pnrtly  from  the  fart  that  there  are  nearly  as 
many  in  tlie  United  States  us  in  all  the  rest  of  the  world. 
Their  largest  instniraent  Mild  abroiul  is  (he  80-inch  refractor 
of  llw  HnMian  lm|ierial  Olmervatorv,  at  Pulkowa.  ■ 

I'nti!  very  rri.fnt  tim«*  n-fiwting  tclestrop^s  have  lieen 
conntmctexl  largely  hy  the  English.  The  principle  of  rv- 
0er(orB  mwois  to  have  lieen  flrst  explained  by  Janiea  (irvgiirj' 
■  ItWA-HriS)  in  lrt«3.  hut  lie  did  not  actually  eonalnu-t  an 
LttmiDent.  Newtnn  mwle  one  in  lliSH,  fur  he  dcspniretl  of 
•  verctimin^  the  chmmatic  aberration  to  which  letuwii  are 
nhjet'l.  NevertheleJu^  owing  to  mecluitiical  difliculties  in 
heir  construction,  lliey  did  not  espial  rt- fnu-ton*  in  efTieienoy 
Id  the  work  of  Ilerschel,  atwut  a  century  later. 
Ko  obacrver  eror  hatl  a  more  remarkable  career  tluui 
iruiiam  Henebel  (lT38-1M-i:>).     He  was  born  in  Hanover, 
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and  as  a  young  man  be  was  a  muuiciau  in  the  German  army. 
His  health  was  delicate  and,  in  1757,  in  the  midst  of  the 
Seven  Years'  War,  he  emigrated  to  England.  In  1T66  he 
settled  in  Bath  as  a  musician  and  music  teacher,  but  devoted 
his  spare  muments  to  the  study  uf  miit hematics,  optics,  and 


illiam  Herechel  (17:iK-lS'jy). 


astronomy.  Having  liis  interest  aroused  by  u  borrowed 
telescope,  he  resolved  to  make  aa  large  an  instrument  as 
could  be  constructed,  and  to  study  carefully  every  object 
within  its  reach  in  the  whole  heavens.  In  spite  of  the 
tedious  work  of  grinding  and  polishing  a  mirror,  and  hia 
many  failures,  lie  finally  succeeded  in  getting  an  instrument 
giving  fair  definition,  and  with  it  he  made  his  first  recorded 
observation,  which  was  of  the  Orion  nebula,  in  March,  1774. 


TKLESfOPES 


lOS  I 


TlivD  r«llbw«l  larger  aiitl  Alill  litrg<>r  inntniinonU,  with  which 
he  swept  the  wh>>le  nnrlliern  heiiveiis  fuur  times.  In  the 
Mttmil  iif  these  sunrvys,  which  wim  lutulc  witli  a  refleulor  of 
thtf  NewtouUn  lyjw!  sevun  fet-l  in  lunglh,  he  discovered  on 
Man'h  IH,  ITHl,  «  new  planet  ( I'ranus),  the  tinit  dUcuverr 
of  ihe  kind  in  hitttoriu  timeM.  lit)  was  called  to  the  court 
of  <ieorjn>  II'>  a|>|Kiiiitvd  Koj-ul  A«t^M)<>me^  with  a  MiUry  of 
X200  ■  year,  ami  jrivi-n  the  chanco  t«  spend  his  wltolv  life  in 
MtroDomical  work.  His  largest  reflector,  which  was  linialied 
in  17^,  wu  four  fo«t  in  diameter  and  forty  fvct  long.  On 
thi*  first  evdntng  of  iU  lute  a  xixth  itatellite  <if  Saturn  was 
diMXtreTwI  and  in  lest  than  throe  weeks  a  acveiith.  It  wu 
Lost  uacd  to  ohaervu  the  Orion  nHHila  in  Juiiuary,  1911. 

In  forinvr  tltOM  rvflci'tom  were  made  of  8{iucnlnni  niotal, 
an  alloy  of  tin  and  cop[i«r.  They  are  now  made  of  glaaa, 
highly  polUlied,  and  nonted  with  a  very  thin  tilui  of  silver. 
Thry  reSect  much  iiuire  light  than  the  old  roirmra,  and 
though  tMialy  Uijurvd,  it  is  not  very  difficult  to  rea«w  the 
ailv*>ring. 

Aa  baa  been  mid.  Lord  Rosae  baa  the  largest  reBector;  but 
(■nibaUr  the  most  efficient  one  actually  in  nse  is  the  o-foo( 
-Nrntl  mirror  which  Common  erected  at  Ealing,  England, 
.  1W*9,  In  till'  I'nit«<l  States  the  largem  n-flector  in  actual 
..''  is  a  3-fuot  instrument  at  the  I.ick  Olwcrvntory,  although 
.-TV  in  one  fi  feel  in  diameter  at  ihe  Solnr  Olwrrvatory 
1  i)h>  Carnegie  loslitulion  which  is  practically  Itnishtrd. 
1  ii.1  Liok  Ohaervatory  rwllector  was  made  in  l^nghind  hy 
1.  and  tba  &-foot  by  Ritcbuy  of  the  Solar  ObMorratory 


TIIR   MotTXTlNO   or  TBLSaCOPSa 

•5-  Tb«  Meridian  Circle.  -~  The  meridian  circle  is  a  tele- 
,  rarely  morv  than  eight  inches  in  diameter,  mounted 
I  axis  so  lliat  it  ran   tuni   only   in  Hw  pUne  of  iho 

ridimn.     At  Uie  foeal  plane  it  is  furniahed  with  a  ratJde 
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consisting  of  two  horizontal  spider  lines,  one  of  which  is 
movable,  and  an  odd  number  of  vertical  lines,  usually  gi-eaier 
thau  five)  which  me  fixed.  Attached  to  the  axis  on  whidi 
tlie  telescope  turns 
is  a  graduated  circle 
whose  markings  are 
read  with  fixed  mi- 
orosgoi)es. 

In  addition  to  the 
essentials  just  given. 
there  are  levels, 
clamps,  counter- 
poises, etc.,  for  get- 
ting the  instrument 
in  adjustment  and 
keeping  it  there. 
Every  device  of  tl:e 
mechanician's  art  is 
used  in  securing  ac- 
curacy in  the  gradua- 
tion of  the  circles, 
uniformity  of  the 
'  pivots  on  which  the 
telescope  turns,  free- 
dom from  flexure  of 
the  tube,  and  stabil- 
ity of  the  instrument. 
The  mounting  is  so  delicate  that  if  one  lays  his  hand  on 
one  of  the  supports  a  miuute  the  heat  impai-ted  will  throw 
the  whole  instrument  quite  out  of  adjustment, 

If  the  meridian  circle  does  not  have  the  accurately  gradu- 
ated circle,  it  is  called  a  transit  instrument.  Transit  instru- 
ments are  constructed  so  that  they  may  be  raised  up  and 
their  east  and  west  ends  interchanged. 

When  a  transit  instrument  is  mouuted  so  that  it  moves  in 


-HvridlsuCircla. 
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th«  pUmr  »(  llio  nuit  ami  weHt  |M>ititA  ami  t)ie  Efiiith,  it  is 
CsUmI  a  print*  t^rti^  innlrutwHl. 

M.  Ums  of  the  Meridiaa  Circle.  —  Am  >im  txwn  weu 
(Art.  :i;l),  tliu  wlmlc  nky  piuwi-s  thi>  rnvridian  (nfHially  the 
mt'HdLan  8Wpe|M  ncrcma  tlio  nky)  in  about  four  minuter  U-kh 
lliat)  an  (inlinurr  day.  L«t  tliia  inti-rvol  of  time  deflned  by 
ihr  a|)|air«nt  motinua  of  the  Hlara  be  called  a  aidoreal  (iitiir) 
day.  Sii]H"W>e  the  obwrvor  li«»  a  clwk  kev|)in>f  mdertvl 
timr,  ila  Iwnni  being^  nnmU-n'.)  fn.m  u  i..  -J:!,  nuA  llmt  il  ii4 
w>t  •»  that  il  n-^su-ni 
i«ra  when  tbv  vi'mnl 
e<|ainiiK  rruucs  tlie 
HMTidtan.  Sui>{io*e  (lie 
•iilvml  lime  ttuit  any 
«t&r  rro»if»  tlie  merid- 
ian t*  found  :  tlii»  ii 
ita  ri;ilit  aoveiuion,  for 
tlt<>     sky    tanu    uni- 

■  tmly.       Tbo      exai't 
-  nifi  in  fonml  br  tak- 

<<;  tW  mwrngt  of  the 

riira     at     which      it 

:"•«<-■      (ht<      aevonil 

11.:^    of    the    rvtiele. 
i'lx-  lime  ijf  tnnait  ia 
taken  i<i  bundredtlis  of  amxitiild  of  time,  aiid  arrors  i^realvr 
thjH  one-tenth  of  a  •er^md  are  inndmiMible  in  goud  work. 
Tb''*e  olwervationii  *-au  be  usc<l  in  the  converee  way.     If 

''  Nderral  tiiun  la  unknown  and  the  right  aiwcnaion  of  any 
-Mr  i»  known,  ita  time  of  transit  may  he  naetl  to  net  tlie 

■  ^x'k.  It  ia  Miim'ihinfi  like  a  train  and  an  ontinary  hmtms 
bolit  clock.  When  the  chick  ia  runnini;.  (he  time  of  the 
[•aminff  of  the  train  can  lie  iirttlictnl ;  if  tho  cluck  u  not 
ninning,  it  eui  be  let  by  the  [naMing  of  (lie  train.  In  ^t, 
it  i*  tnma  lb*  ttsnaita  of  known  stars  that  every  obMarviLtor^ 
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gets  its  time  ;  and  when  the  sidereal  time  is  known  it  is  an 
easy  matter  to  compute  the  local  ordinary  time.  The  running 
of  every  railroad  train  in  the  country  is  regulated  by  time 
furnished  daily  from  the  Naval  Observatory  at  Washington, 
or  from  one  of  two  or  three  other  stations. 

For  the  work  so  far  either  a  transit  instrument  or  a  mer- 
idian circle  may  be  used ;  but  if  the  declination  is  required, 
a  meridian  circle  must  be  used.  Suppose  the  readings  of  the 
graduated  circles  are  made  at  both  the  upper  and  the  lower 
transits  of  the  pole  star.  The  averages,  after  the  proper 
corrections  are  applied,  give  the  readings  of  the  circles  when 
the  instrument  is  pointed  at  tlie  pole.  Suppose  now  that 
wlien  the  star  in  question  crosses  the  meridian,  the  telescope 
is  moved  so  that  it  passes  along  between  the  horizontal 
wires  of  the  reticle.  When  the  readings  of  the  graduated 
circles  are  made  and  compared  witli  the  readings  when  tlie 
telescope  was  pointed  at  the  pole,  the  polar  distance  of  the 
star  is  at  once  found.  The  declination  is  90®  minus  the  polar 
distance. 

These  observations  can  also  be  used  in  the  converse  way. 
Suj)pose  the  declination  of  the  star  is  known  and  that  its 
(listiinci^  from  the  zenith  is  measured.  Then  the  latitude  of 
tliti  observer  can  be  found.  The  distance  from  the  zenith 
to  llic  cijuator  equals  the  latitude  of  the  observer.  Suppose 
the  declination  of  the  star  is  +  20°  and  that  it  is  fomid  to 
be,  21°  south  of  tlie  zenith.  Then  the  observer  knows  tliat 
his  latitude  is  20° +  21°  =  41°. 

Tlie  (explanations  which  have  been  given  contain  the  prin- 
rii)les  which  always  are  involved,  but  it  must  be  understood 
that  there  are  many  variations  from  the  simple  methods  de- 
scribed. Many  artifices  have  been  introduced  for  the  pur- 
pose of  obtaining  the  highest  degree  of  accuracy.  These 
things  belong  to  practical  astronomy  and  can  be  tlioroughly 
appreciated  only  by  an  extended  use  of  the  instruments.  It 
was  by  these  most  refined  methods  that  Chandler  and  Kiist- 
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ner  diacovored.  aboat  1884-18S9.  that  the  latitude  of  ii  placo 
vmrioi  ftboat  0.0".  corrvupondiug  to  a,  diHtAiico  yf  only  about 
60  feet  on  tin*  earlh's  wurfaoc. 

87.  Clock.  Chnmognipb.  and  Pbot4xhronogr«ph.  —  It  is  evi- 
dent tlul  in  iiairiK  n  int-mliiiit  cinle  or  Iniimlt  itiHtrtiiueDt  a 
i-liH-k  tH  a  nrcvHAiry  aocuwtory.  AHtruiiotniciil  rloi'ks  urv  made 
to  krvp  Ntdurval  tiiui.'.  and  to  run  with  the  );ri*ateHt  ])oiMitjlu 
iiiiifurmity.  It  id  au  uuimportaut  matter  if  a  clock  gains  or 
I'HMi,  jirovided  it  does  m  regularly,  for  it  takes  only  a  minute 
to  make  the  reciulred  correutiou ;  in  fact,  it  la  practically 
imfiaMMble  to  regabite  a  vlouk  ao  that  it  will  keep  sidereal 
time  ezactly. 

rnifunnity  of  ruto  U  obtained  by  climinatinf;  as  mueh  as 
I«»flible  the  things  which  introduce  irregularities.  One  of 
tlie  ronat  important  ia  a  change  in  length  of  the  pendulum 
with  a  change  in  temperature.  A  very  common  way  of 
counteraoting  this  effect  is  to  take  for  the  pendulum  bob 
a  cylinder  filled  with  mercury.  Su{i|>o«e  the  temperature 
ilii  ii«ai<:  then  the  rod  from  which  the  bob  is  susjwnded 
oontneUand  tends  to  make  the  pendulum  shorter.  On  the 
other  hand,  the  mercury  eontracts  and  settlea  down,  which 
tmfc—  the  pendulum  longer.  Wheu  the  height  and  weight 
ol  tba  meKary  column  are  pri>[H>rly  related  to  the  length  and 
wc^{ht  of  the  |wndulum  rml,  this  rtdation  degiendiiig  on  their 
coelBcieota  of  expansion,  the  effvcls  of  slow  changes  of  t<'m- 
peratare  are  ctimiiuited.  Kapid  cimnges  affeet  the  rtnl  more 
quickly  than  the  larger  cylinder  of  mercury,  and  introduce 
irrfgularilieii.  The  clock  is  placed  in  a  glass  case  to  insulate 
it  from  auddvn  change*,  and  in  itoroe  case*  (he  atmonphere  ia 
jiiarlially  eiliaiisted. 

Every  preraution  ia  taken  to  give  the  pendulum  just  enough 
impelus  nack  swing  tn  make  up  (or  the  motion  lost  by  fric- 
tion. It  is  almost  nee<lle«s  Ui  say  that  the  clock,  as  well  as 
erery  other  instrument  of  precision,  is  mountv*]  on  a  sejiarvte 
pier  baring  tw  couu4.-ctioii  with  other  parts  of  the  buUdiog, 
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Observatoriefi  are  alao  provided  with  portable  clocka,  calleJ 
ehronometeri,  which  i-un  an  the  bahmce  wheel  and  spring  priu- 
uiple,  like  watdies.  They  are  niomitecl  in  rings  turning  ou 
axes  at  right  angles  to  each  other,  ao  that  they  keep  llie 
horizontal  poaition  however  the  box  which  cuntains  them 
may  be  turned.  They  are  now  so  well  constructed  that  they 
run  with  great  accuracy. 

In  former  times  the  observer  listened  to  the  clock  beats. 

and,  keeping  count  of  the  seconds,  he  estimated  the  time  oi 

transits  of  the  star  across  the  spider  lines  to  tenths  of  seconds- 

For  about  50  years  the  times  of  transits  have  been  registered 

by  means  o£  an  instrument 

inRj        called   the   chronograph.     It 

^ pflM        consists  of  a  cylinder  a  few 

HUn^^^H    JBH        inches  in  diameter  and  about 
^^^^H^^^^^^BoH    ■    18    inches    long,    which    is 
^I^^I^^^^^^Hj^^^Hssv    rotated  a   minute   hj 

^^^^^^^^^^^^^^^^^^  a 

^^^^^^^^^^^^^^^^^^  a  fomi- 

^^^^^^^^^^^^^^^^^^     tain  pen  is  fixed  so  that  it 

F.o.40.-Cl.r,.r.ogra,.I.      fly  Willhun       ^  j^  j      j   jj 

daerliier  it  Co.  i  ,      . 

the  cylinder  turns.    The  pen 

is  attached  to  the  armature  of  a  small  electro-magnet,  ao  that 
when  the  current  is  broken  it  is  pulled  quickly  to  one  side 
by  a  coiled  spring.  Electrical  connection  through  tbe  clock 
breaks  the  circuit  once  every  second,  except  at  the  end  of 
each  minute,  when  two  breaks  are  made,  or  in  some  instrii- 
ments  no  br^ak  at  all.  The  electro-ntagnet  is  also  in  elec- 
trical connection  with  a  key  in  the  hands  of  the  observer  at 
the  meridian  circle.  Every  time  tlie  star  crosses  a,  spider 
line  he  breaks  tlie  circuit  by  pressing  the  key,  and  makea  aD 
extra  little  jog  in  tlie  line  traced  by  the  pen.  When  the 
chronograph  cylinder  is  started,  the  hour  and  minute  are 
written  on  the  sheet  after  it  has  passed  a  minute  mark- 
1  the  time  of  every  subsequent  jog,  in  particular  tbotie 


TICLK'iroPKS 


made  by  the  olMcrver.  rhh  l>e  fotiiid   by  counting  forward 
and  meMuring  tlie  fniction  of  the  intervul  Iwlwucu  secontltf. 


Hnti];h  Km  invcntvd  itn  iiitttrumciit  which  recorda  on  a  Ujw 
tlie  timni  wlivn  thv  H(«r  in  oXmttveii  to  transit  the  sjiidor  liiice 
in  the  nticle. 

Kvt-ry  uliwrTer  has  a  [wrHonnl  VKjiintion ;  that  is,  he  is 
habitually  a  lillle  tuti  quick  or  ttm  sluw  in  pn-Minff  the  hreak- 
cifvuit  key.  Several  infttrument«  have  been  dmi^niod  to  luake 
till'  reoimiin);  itf  llie  transit  of  a  star  purely  automatic.  Such 
!■  the  fKoto^kronograpk,  which  uonaista  of  an  apitaratuK  for 
lioldintcapti'itof^rBphic  phtte  nt  the  focunof  (he  objective  and 
.1  int^Tvala  of  a  seeond  making  aoine  kind  of  a  break  in  tlic 
'Otinuotu  trail  which  tlic  atur  would  otherwiw  leave.  One 
..c'vtce  in  to  [;tve  the  plate  a  little  north  and  south  motion 
•very  Mcnod  by  nieitiui  of  electrical  coniiectiou  with  ttie 
>ck.  and  another  In  lo  cover  it  every  itceond  with  a  wreen 
f  the  aame  meaiiH.  The  >|Hder  Viiwn  are  illuminaled  and 
tpbed  on  the  Minie  plate.  When  the  plate  is  devel- 
1,  th*  laugM  of  Uin  linen  and  the  broken  star  traiU  afipear 
n  tbeni  tlto  lime  of  transit  can  easily  be  found. 
Udmatb  lottnuBent-  —  Tlte  meridian  circle  ia 
1  adapted  to  general  olMtervatiuaa,  for  objecU  can  not  be 
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seen  through  it  when  they  are  not  in  the  phiue  uf  the  merid- 
ian. Suppose,  however,  that  the  supports  of  n  meridian 
circle  were  mounted  so  that  they  could  be  turned  aroiuidi 
vertical  axis.  Thee  the  instruiuent  could  be  made  to  tuni 
in  the  plane  of  any  vertical  circle.  If  the  vertical  axis  ca^ 
ries  a  graduated  circle  » 
that  the  dista.nce  the  in- 
strument has  Ireen  turned 
from  the  plane  of  the 
meridian  can  be  raeasureil 
it  is  called  an  altazimvlk 
mounting.  When  the  tel- 
escope is  pointed  at  any 
object,  the  altitude  and 
Hzimuth  are  found  directly 
l>y  reading  the  circles. 

The  thing  to  be  noticed 
is  that  tiie  essentials  of  the 
nifiunting  are  u  vertical 
axis  carrying  a  graduated 

circle,  and  another  axis  at 

•^g*  ^-1F^  right   angles  to   the   first. 

^Sm,  iibo  carrying  a  graduated 

circle.   These  will  be  called 

ri.;,  VI   -  i;:i.iLh.i;;  Mr^,/iiLLiiii.  hi-iniiij^»t.  x\\ii primary  B,\\A  tecQndaty 

axes  of  the  instrument. 

89.    Following  the  Stars  with  an  Altazimuth  iDStrnment  at 

the  Earth's  Pole.  —  If  an  observer  were  at  the  earth's  ptile.  \\t 

would  see  the  stars  move  in  parallels  of  altitude   in  their 

diurnal  motions.     If  he  whihed  to  keep  his  telescope  pointed 

at  the  same  object,  he  would  keep  its  altitude  fixed,  and  have 

it  turned  by  clockwork  armmd  its  primary  axis  at  the  rate 

at  which  the  stars  move.     This  would  be  very  important  if 

he  were  taking  a  long-exposure  photograph,  or  if  he  wished 

"  I  details  of  such  an   object  as   the  moon  or  > 
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nebola,  iir  if  bo  desired  to  mnke  any  Bort  of  niieroniottir 
otmiHiremen  U. 

90.  The  EqnttorUl  Mon&tlng.  —  Sap]ioHp  a  platfonu  roald 

loiill  iiiit  (ruin  till-  jiiik'  ]ierjM'iidiciilur  to  the  vnrth'ii  axis 
■  ihf  pitint  A,  i"m.  ^■'^.  yiipiniw  tin?  obwrvcr  xliuuld  take 
[li*  altiuiniMth  instriiiuviit  frum  P  uut  to 
A.  kM-pinj;  its  primary  axis  luirallol  to  iu 
tnitial  direction.  Since  tlio  distance  7*Ji 
is  entirely  negli|fil>le  in  compariHon  with 
thr  dislAitm  to  any  celestial  object,  ttie 
mirttimtifjl  around  /*  would  havf  noclTt>ct 
w)iat«%-L-r  on  the  a{i]iarviil  motions  of  the 
heavinis.  C<>naviiD[-ntly,  if  the  Ivluscopc 
were  roUl4«il  around  it^  primary  axis  in 
tbc  right  direction  with  the  ao(;uIar  velocity  with  whicli  tho 
enfth  turns,  it  would  oontinuiUly  point  at  the  same  object 
jo<tt  as  it  would  if  it  were  at  /'. 

>«iip[Mwr,  now,  the  oliserver  should  move  his  instrament 
from  A  to  ft  ami  rotate  it  around  the  primary  axiK,  which  is 
>iill  parallel  to  its  orif^na]  direction.  It  wotild  follow  thn 
ntarh  jiut  as  before.  Itat  when  it  is  at  B  it  hiui  quite  n  dif* 
fi-rvnl  relation  to  the  horiton.  The  primary  axis  is  paratlol 
to  the  earth's  axia,  aa  bt-fore.  and  the  secondary  axis  is  por- 
fM.-rtdicular  to  it,  but  llic  primary  axis  is  no  longer  perpen- 
ilii'uUr  to  the  plane  of  the  hcmxon.  It  is  now  called  the 
rifmittariitt  tmmitinff.  The  primary'  axis  is  callwl  the  polar 
axis,  and  t)>e  (»ther  the  Jeeimiilum  tui».  The  pointinj;  of  the 
instrament  is  cluuige*)  in  right  asremuon  hy  rotating  it  around 
ltM>  puUr  axis,  and  in  declination  by  rotating  it  around  the 
.declination  sxiH. 

fll    Pladlnf  u  Object  with  an  Equatorial  TelMCope- —Sup- 

^  the  right  B«rt'n<ioo  and  dwUaaiion  of  an  objt-cl,  i>eriui]>s 

uble  to  the  unaided  eye.  are  given,  and  that  one  vrishe« 

|ri«w  it  thnnigh  an  equaiorially  mounted  telescope.    Tbo 

t  thing  is  to  wt  the  telescopo  to  th«  proper  declination  bf 
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means  of  the  declination  circle.     There  is  a  clamp  provided 

for  the  purpose  of  holding  the  telescope  in  thia  position, 

The  next  thing  is  to  Hnd  the  distance  of  the  body  east  or 

west  of  the  meridian,  that  is,  its  hour 

angle. 

Aa  was  explained  in  connection  witb 
the  treatment  of  reference  points  and 
lines,  the  hour  angle  of  a  body  dej>ends 
upon  it«  right  ascension,  the  time  of 
day,  and  the  day  of  the  year  of  thii 
observation.  An  approximate  com- 
pntation  of  the  right  ascension  of  the 
meridian  is  made  in  tlie  two  steps  prf- 
viously  given,  but  if  one  has  a  siderenl 
clock  it  is  at  once  known,  for  it  is  tlie 
same  as  the  sidereal  time.  The  dif- 
ference between  the  right  ascensiou 
of  the  meridian  and  that  of  the  object 
Fm.  44,-EquBt.>rial  Tele-  '9  "ta  hoiir  angle,  which  is  east  or  west 
scope  by  LohniHnn  Brothera.  according  as  tlie  latter  is  greater  or 
less  than  the  former. 
After  the  hour  angle  has  been  found  the  telescope  is  aet 
by  the  circle  attached  to  the  polar  axis.  When  it  is  clamped 
and  the  driving  clock  set  going,  the  object  will  be  con- 
stantly in  view.  Aa  a  matter  of  fact,  the  telescope  rarely 
set  accurately  at  first,  the  final  adjustment  being  made  by  the 
aid  of  a  little  telescope  with  a  large  field,  called  a  findt 
attached  to  the  large  one. 


CHAPTER   V 
TIIK    KARTI! 

W.  ProMenu  re«pecttng  the  Earth.  —  The  oarlh  i»  om-  of 
r!ii-  1mxIk-8  brloii^iti};  to  tht<  tivlil  uf  nKtroiiouiJcul  invcstifrtf 

•nA.     It  ui  ttorf  that  ttstroiiomy  liiui  its  cloMNtt  vontacl  with 

■me  nt  the  oUii-r  aciencra.  Thoao  probk-nu  which  aiii  be 
-  Iv*d  for  the  othtT  planets  alim,  or  which  urn  <.-sfliintial  for 
;.(•  inrcsti^mttun  of  other  astrouoniical  quirations.  arv  pro])- 
•  rly  coiuudered  ma  beloDf{ing  especially  t<>  the  astronomer. 

The  aalronomtcal  prubleiiiii  rc«{>ccting  the  earth  are  di- 
rided.  ibftugh  nnl  v>-rr  itharply.  Into  two  chutitea.  The  first 
cluH  coiuinu  of  th««c  which  can  be  aolveJ,  at  h-iMt  by  nu'tae 
inetlimla,  without  n'j^nliiig  the  ourth  an  a  tnembt^r  uf  a  family 
af  planeU:  the  second  claas  cniUBiata  of  thosu  which  involvD 
eaaeatially  the  n-IutioiLi  of  the  earth  to  othvr  Itoilicii.  Tlio 
wttrk  will  be  divided  oii  thia  baiiia.  thia  chapter  beinj^f  dpvot<<«l 
to  problema  of  tlie  flr«t  clawt,  and  the  next  to  pntblenia 
of  tb*  aecood  olaaa.  Tlicn  will  follow  itome  of  llie  couae- 
quencea  of  the  rMulta  of  thcae  two  chapter*.  The  mcthiMla 
of  aolDtion  witl  conaUntly  overlap:  neverthelfwa,  the  achemt* 
of  diviaion  will  aenre  to  direct  the  attention  to  some  real 
differencm,  while  ita  partial  failures  will  allow  the  mutual 
int«rde[wndence  of  difTorent  theorien. 

Tli«  prijbleuia  of  thf  |]r»i  clam  art*  otich  aa  the  aluipe  of  tbe 
earth,  ita  aiae,  ita  dcnNity,  ita  gvni^rml  coiiatitulion,  ita  almiw- 
pbere.  tad  ita  atmoaphuric  phvnoDivna.  Thi-  [irohh>nia  of  the 
■  an  aaob  as  the  motions  nf  the  earth  and  plnoeta, 

n  inferefleea  which  are  drawn  from  the  motiuoa,  and  tbfe 

•'nwliona  of  the  pbuwta. 
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THE   SHAPE  OF  THE  EARTH 

93.  Historical.  —  It  is  generally  supposed  that  every  one 
thought  the  earth  was  flat  until  the  time  of  Columbus,  but 
a  number  of  the  ancient  Greek  philosophers  believed  in  its 
sphericity  and  gave  good  reasons  for  their  opinions.  It  is 
difficult  for  us  to  find  out  just  how  completely  they  convinced 
themselves  of  the  correctness  of  their  scientific  doctrines,  for 
{IS  a  people  they  were  much  given  to  theorizing  and  arguing, 
oftentimes  without  appealing  to  obvious  experiments.  In 
this  respect  they  failed  to  follow  what  is  considered  now  to 
be  tlie  correct  scientific  method. 

The  most  ancient  philosopher  who  is  known  certainly  to 
luive  maintained  that  the  earth  is  round  is  Pythagoras  (about 
501)-490  B.C. ).  Among  the  others  who  advocated  its  sphe- 
ricity, the  best-known  are  Eudoxus  (407—366  B.C.),  Aristotle, 
(88-4-322  li.c),  Aristarchus  of  Samos  (310-250  B.c.)»  and 
Eratosthenes  (275-11)4  n.r.).  Eratosthenes  seems  to  have 
had  the  clearest  convictions  of  any  of  them,  for  he  laid  the 
foundations  of  mathematical  geography  and  attempted  to 
measure  the  size  of  tlie  earth.  Notwithstanding  these  many 
steps  toward  tlu;  truth,  correct  ideas  perished  because  of  a 
lack  of  the  scientific  spirit,  or  were  crushed  out  by  the 
mysticism  which  [)ermeatcd  the  thought  of  antiquity. 

It  is  an  undoubted  fact  that  there  was  no  general  accept- 
ance of  the  idea  of  the  globuhir  form  of  the  earth  until  after 
C.'olumbus  was  supposed  to  liave  sailed  to  India,  going  west- 
ward from  Spain.  The  epoch  of  exploration  and  discovery 
which  followed  liis  voyages  made  the  theory  well  known  and 
caused  it  to  ])e  accepted  throughout  Europe. 

94.  The  Simplest  Proof  of  the  Earth's  Sphericity.  —  There 
are  many  reasons  given  for  believing  tiiat  the  earth  is  not  a 
plane,  and  that  it  is,  indeed,  some  sort  of  a  convex  figure; 
but  there  are  very  few  whicli  actually  prove  that  it  is  really 
spherical,  or  of  any  other  particular  form.     For  example,  it 
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I-  been  Hfled  ■roiind, liiit  it  tniglit  bv  tJicshajM^of  b  cucuni' 
-  r  for  all  that.  VeascU  disappear  below  the  huriznn.  hulls 
t'int  attd  nuMts  laat,  but  Hub  nuly  shows  iu  general  con- 
wxilj*.  The  ahadow  of  the  earth  on  the  moon  nt  the  time 
of  an  aclipM  aeetna  to  be  oircuhir,  but  the  obMTvatinn  i*  rrry 
incnadnjiiva  bocstiM  thv  shadow  hiut  no  Khurp  irdgv  (wv 
Art.  Hi)  anil  ita  radius  i»  very  large  comfinred  to  that  of 
thm  mimn. 

The  siniplt-at  and  most  roncluitive  proof  nf  the  glolmlar 
,  tann  al  tbit  earth  is  that  th»  pluiu-  of  thr  horuon  (or  the 
dtr«^tJnii  ni  the  plunib'liiie)  rAatii/ft  bi/  an  ant/If  vAick  i$ 
tlirr<ilif  pr»>fitirti»nal  to  fAr  iHttttncr  Irarrlni  aloHii  tht  airrfVtiX, 
t^katf^fr  MMfi  f^  Ike  rtiirlin//  jM>int  itml  tht  dirrrtion  »f  travtX. 
This  •tat<^n)<-t)t  ni.-<-<ls  siimi*  illiiKtmtinii.  Sup|HMo  tlio  stara 
were  indefiniU'ly  nrmotf  and  that  the  earth  were  a  plane; 
\i*eti,  if  one  should  go  along  ita  snrfn<'e,  they  alwarn  would 
appear  ^x*  be  in  the  wanip  direction.  If  the  xtArv  wi'ni  nearer, 
likr  the  moon,  their  dirertiontt  would  A)i|ian-ntly  i:hAnge, 
hat  the  amount  would  not  1m*  |iro|>ortional  to  the  distance 
traveled.  For  example,  if  a  Hlnr  wen;  directly  overhead, 
a  certain  dialance  traveled  along  the  sarfare  of  the  earth 
wftold  change  ila  apfMrunt  diri>ctian  by  one  dt^ree,  but 
ninety  timea  that  dintauce  would  not  make  it  appear  at  the 
\wvtfm, 

Suppoaa  tli«  atars  were  \-ery  romcrte  and  that  the  earth 
were  of  any  ooorex  form  other  than  n  spliero.  If  one  ahould 
travel  along  ita  aurfare,  the  apparent  directions  of  tlte  start 
would  rluuige,  hut  rnit  pro[>ortioDal ly  to  the  diittanee  traveled. 
In  fact,  lite  circle  is  the  only  oval  whieh  ia  etuaed  and  in 
which  the  mv.  Iraveleit  \a  pntporlioiuil  to  the  change  of  direo- 
tiiin  of  llie  p4T|>i'ndieiilar  lo  it.  If  tbn  arc  dtitcrilied  is  pro- 
portional to  the  change  of  direction  of  the  peri«eniUcuIar  to 
it  fur  every  starting  point  and  for  every  direction  of  travK), 
the  Mtrlace  k  aphcrinU. 

EnloAhemt  ooUeed  tliat  tlte  altitude  uf  the  polo  sUr  waa 
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less  wht-n  lie  was  in  E.ry{»r  tlian  it  was  when  he  was  in 
(Trefoo.  He  crave  x\kv  ev»rreot  interpretation  of  the  differ- 
enoe,  but  he  di«l  n-'t  verify  that  it  was  proportional  to 
the  distaiice.  ('"nse'[iK-iitly,  he  had  no  strict  pnx^f  thai 
the  eartii  is  a«.uia'.ly  r^^iiid. 

95.  The  Oblateness  of  the  Earth. — Thr  determination  of 
e  eariii's  i-Tin  \'\  :^ra'»:.niii^  a:\s  was  nut  applied  at  once. 
se-.nis  t««  ha  v.-  \K'r:\  s.«:r.vw:.ar  axiomatic  to  the  ancient 
::■.-!  that  s'.iriacrs  di>'  ci:l.er  tlat  «'r  spherit-al.  Wlien  it 
:<  :■  nii'l  t!..ii  ti.'-  <*.;rta  ■'/  if  ri.e  earth  is  not  a  plane,  it 
:  >  :  •  i.avv  \»-rii  su:!">«Lvi  ::..t:  it  is  essentiallv  siiherica!. 
I:.  l'**T  N'w:.:i  :  :i-'!:>'..v.i  :.S  ::reat  work,  the  J^ri/h^ijih. 
I  ::.  i:  ;."  <':-'\  -i  ::■ '.r.  :':.r-.:»:»:t:«.al  considerati<ms.  t«>  \^ 
.-■  :.  \:  .:::;  '.•■.  :;..:■  '.iiC  earth  is  bulged  out  in 
:•  «:  :.s.  >■./..  a  i'-ly  is  Siiid  to  be  ohlaU. 
;'*-  w- : .  ;,  ■:  ::iv:iv'l:aie'.v  and  crenerallv 
iw  ;  •  1.  V  :  :\  :..:"..  ::.  Ca<'*::.:<,  who  were  the  leadinir 
1":  .  -'**.  :.:..:''.  :.  .!:.:.\::;rl  u:::l1  about  1745  that  thr 
•  :*..  >  --»  :  ■  *.-•  '.  <  .•.:::  .irawn  in  at  the  equator. 
>       .  1     :-  -     '.  :  .  •     •'•.      Newton  thouirht  that  ii 

i-  -   ■  .  '.  .    J  :..     -  .  ■         :  :.:':.^:-.  .r.i«I  the  Cassiuis  thai 
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t  lh«ro  is  nn  eqiintoriAl  biil^.  and  all  later  ineiuiuFe* 
nenU  affne  with  tbix  iioaclosioii. 

To  mm  dearly  that  vt\\uA  arcii,  expremed  in  axifj^ular  t 
am.  ue  Imger  oo  an  oblate  IkmIt  uoiir  the  jxile  than  n«ar  the 
ctjiutiir.  eonakler  Fig.  46. 

Tlie  i*arve  frejirowntA  «  meridian  seo- 
■n  of  Uu)  earlii.  (Of  vmiriw  the  fliit- 
'  [kioi;  id  gnwtly  vxaf^^mU'd  in  thi- 
i^utv.)  Tim  circle  C  «oincidca  with  B  \ 
tM«r  tb«  equator  Q.  and  the  larger  circle 
S  ooinddes  witli  it  near  the  pole.  A 
degree  ol  tn  on  B  near  P  in  of  about 
Xhm  man  len^b  aa  one  on  S.  while  one  nl'u. 

oa  f  near  Q'm  n\  about  the  ntiiio  length 
aft  tiDc  on  V.     Since  thi>  cin-le  S  in  Inrgvr  than  the  circle  C, 
a  dnr"^  ""  ^  "•?'"■  i'  i"  I'HiiriT  f^i^n  ""'•  "("ar  ^■ 

N.  Revtn'a  Proof  of  th«  Earth'i  Oblateness.  —  Newton'n 
jiTiKif  nf  tlie  oblateticKs  of  tht-  cnrth,  nhii'li  aiiliri}inte<l  liy 
uearlr  txxty  yearn  llio  direct  veritication  from  obHcrvalions.  is 
an  esara[>le  uf  nwulu  of  one  ehami'ter  being  obtained  froui 
tboae  uf  qaile  aiiotlier  cbamcter.  Thi»  jiruof  depemts  ujioa 
tbe  roUtton  of  the  uanh.  and  upon  (he  law  of  gravitation 
which  was  derived  from  tliu  motions  of  the  pUnet«.  Hence 
it  u  eawulially  involved  with  the  work  of  thf  next  chapter. 
Let  ABC  (  Fig.  4tl )  be  a  meridian  KCtion  of  the  (tarth,  and 
auf  rutatiuD.  Imagine  that  i«naU  are  conntmeted 
from  the  )Hile  A  to  tbe  center  O,  and  frum 
tlw  eqiinlor  S  to  O.  Su|i[iiwe  they  are 
filled  with  water  and  that  tbe  ii)ui])e  of  the 
cartit  \*  Ktich  tliut  the  twti  oUimnn  tml- 
anee  each  other.  The  weight  of  the  water 
u  caiMed  by  the  attraction  of  the  cartli,  and 
it  diminiabea  from  tbe  surface  to  the  center. 
If  the  earth  were  atalionary.  columus  of 
mI  length  would  balance  each  other. 
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The  earth  is  rotating  around  the  axis  AT?.  Hence  the 
gravity  of  every  unit  volume  of  the  column  BO  toward  the 
center  is  diminished  by  the  centrifugal  acceleration  due  to 
the  rotation  of  the  earth,  while  that  in  A7J  is  unchanged. 
Consequently,  the  column  50  must  be  longer  than  the  column 
^0  in  order  that  equilibrium  may  result.  The  difference 
in  length  of  the  two  columns  depends  upon  the  rate  of  rota- 
tion of  the  earth.  From  a  skillful  treatment  of  the  question, 
Newton  reached  the  approximate  result  that  the  difference 
of  BO  and  AO  divided  by  BO  equals  1  -*-  230. 

97.  Pendulum  Proof  of  the  Earth's  Oblateness.  —  The  time 
of  vibration  of  a  pendulum  depends  upon  the  forces  acting 
upon  the  bob  iuid  the  distance  from  the  point  of  support  to 
the  center  of  oscillation.  The  formula  for  the  time  of  a 
single  swing  is 


=  ttV-, 


wliere  t  is  the  time,  ir  =  8.1416  --^  I  the  length  of  the  pendu- 
lum, and  //  the  resultant  of  the  earth's  attraction  and  the 
centrifugal  acceleration  due  to  the  earth's  rotation.  If  I  is 
measured  and  t  is  observed,  then  the  value  of  g  is  given  by 

the  equation 

If  the  earth  were  a  s])here,  g  would  vary  only  because  of 
the  centrifugal  acceleration,  and  in  a  way  which  could  be 
easily  computed;  but  if  the  earth  were  oblate,  the  decrease 
of  //  would  be  greater  near  the  equator  than  it  would  be  if 
the  earth  were  a  sphere,  both  because  the  attraction  would  be 
less  and  also  because  the  centrifugal  acceleration  would  be 
greater.  ^Experiments  show  that  //  decreases  faster  toward 
the  equator  than  it  would  if  the  earth  were  a  sphere,  and 
it  follows  that  the  earth  is  oblate. 

The  attraction  of  the  earth  varies  with  its  shape  in  a  very 
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!*t«<l  manner,  aoU  the  firobWm  of  (Ivtorminiag  iU 
fonn  fruni  pendulucn  ot»<ervations  alone  can  not 
I  e]C|ttain()d  here.  'I'he  uietliod  is  (ivvn  more  pi>wcrfiil 
lliau  one  wouM  hii]i[ii>m!  [KMwiltle,  for  from  iwmluliiin  obaur- 
Mtticmit  oluuv  botli  tliu  shape  and  tho  size  uf  thv  uartb  can  Im 
found. 

M.  A  Method  of  measuring  Small  QnantitleB.  — The  varia- 
tiiMia  in  y  an'  di-t«niiiui-<l  rium  |teiidiiluni  ex{H'rimenUt  initt«a(l 
of  by  oucli  din-ct  iniMiiH  um  t)if  i«|iriii){  baliinccH.  Sini'p  tbo 
principle  involved  is  very  inipurtant  in  aatronomy.  it  will  bo 
given  in  aone  detail. 

The  variation  in  if  at  different  parU  of  the  earth*s  aiirface 
ia  Terr  trniall,  llie  exlrvnie  Imng  iibout  oiie<half  nf  1  |»er  c«nt. 
If  Iwu  bixlivB  differed  in  weight  hy  (-vcn  a  Mnnll  part  of  this 
amount,  the  difTerenco  could  bo  dcU't^tinl  iind  niea»ured  wiUi 
]ierfect  eaae  witli  lialance  ocales.  Itiit  balance  Mcules,  wliiob 
arei  far  more  aecuraltt  than  any  others,  i:an  nut  be  uiwd  in  thia 
problem,  for  llie  tuUm-ing  wei^lita  and  the  object  weighed 
M«  aabject  to  the  Ntine  relative  elutnf^e  uf  gravity. 

The  problem  u  to  nienaure  aomeilung  wliicli  iit  near  ttie 
Itmitaof  obaervation. and  it  lABolvetl  by  devi»ing  a  convenient 
nMtbod  for  obtaining  the  cumulalivo  effecta  of  the  ([uaiitity 
in  quMtitm.  In  tliA  pre««Rt  caaejf  varies  vory  slightly,  but 
it  AffiicU  the  interval  of  lime  of  every  nacillation  of  the  pen- 

looL     For  example,  suppoM-  a  pendulum  will  oai-tllate  at 

I  {Jane  in  a  ae«und  and  in  another  in  ^ ij ^,aus  '^-"^  time. 

)  ditfercDni  in  one  o«cillation  cotild  not  Ite  det<-cted  in 

-  way,  but  in  a  day  (8t;,400  seconds)  the  accumulated 

ffer«oc«  would  be   ^^  i<f  a  second,  a  quantity  which  ia 

Oy  tatmmxnd;  and  in  10  daya  it  would  be  muro  than 


B  atatemmta  imply  that  there  la  aome  way  of  me«sar- 
[  tinM  independent  of  the  pendulum.     Tlie  gain  or  lorn  of 
*  alom  ia  determined  by  ubacrvations  of  the  truuitfl 
B  witli  m  nwridisa  circle  or  tnutait  inatnuDent. 
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99.  Other  Proofs  of  the  Earth's  OMstmess. — There  are 

.vime  other  proofs  that  the  earth  U  oblate  which  are  deeply 
involved  in  astronomical  doctrines  and  depend  upon  difficult 
mathematical  processes,  but  which  can  be  readily  appreci- 
ated in  a  general  way.  As  has  been  said,  the  oblateness  of 
the  earth  affects  its  attraction  for  other  bodies,  and  con- 
ver.selv  their  attraction  fur  it. 

(lons'uler  the  motion  of  the  moon  around  the  earth.     Let 
U  (Fig.  47^  represent  the  largest   sphere  that  can  be  cut 

out  of  the  oblate  earth. 
Now,  a  sphere  attracts  an 
exterior  body  as  though 
its  mass  were  all  at  its  cen- 
ter of  gravity.  The  equa- 
torial bulge  remains  to  be 
considered.  This  is  a  diffi- 
cult problem  to  treat  rig- 
orously, but  it  can  be  seen 
tliat  thfj  sum  of  tlie  attractions  of  the  nearest  and  farthest 
jiarts,  A  and  B,  is  greater  than  it  would  be  if  they  were  at  the 
renter  of  the  earth.  To  illustrate  it,  suppose  JEi  =  l, 
M/'J-  2,  and  MB  =  8.  Suppose  A  and  B  are  unit  particles. 
'I  Im-ji,  h'um'A'  tli(^  attraction  (Art.  160)varies  as  the  product  of 
llif;  massifs  and  inversely  as  the  square  of  the  distance,  it 
follows  that : 

attraction  of  ^  =  l?^,,^=i(f, 

1^ 


e 


Fig.  47. 


attraction  of  J9  = 


1  X  M^  M 

9' 


;i'-i 


sum  of  attractions  of  A  and  B 


=  3..f=^^. 


attractions  of  A  and  B  when  at  J?  = 
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It  follows  that  the  pnrli*  .-1  nml  H  attmrt  tho  moon  more 
tbsn  tb«y  would  if  lliey  uere  nl  lUe  c^-iilor  /'.  Similarly, 
the  a|>propriAt4^<  niAlliotnnticEil  iliKcuKsinn  shnwx  tlint  uii  oblate 
body  attracu  Knottier  body  in  llic  pUne  of  it«  t-i^uutor  more 
thjin  it  would  if  it  were  spberical. 

The  moon  moves  aroHnd  tl)«  partli  IxTHiise  of  llic  i>Hrtli'8 
■ttnKtion  fur  it.  Tlii^  foot  that  lli«  eartli  is  obliitv  uhusl-h 
c«rtjun  imjru^ntim  in  the  motion  of  the  moon  M'liivh  have 
been  detected  by  actual  obaorvatiuos.  Uut  the  oblatenens  of 
the  earth  U  ao  amall.  and  the  moon  iti  ao  far  away,  that  the 
irTcgalftrities  produced  are  very  alight.  The  mmt  strilcinf; 
tnample  of  the  kind  in  the  »olar  ayslcm  i*  in  (he  motion  of 
Jupilrr'a  nmallest  satellite,  which  is  near  to  the  vury  obtate 
phinet  Jupih-r. 

The  ctinvcrae  action  ia  more  important.   The  mooa'a  orbit  is 

till  the{ilaneof  Ibv  earth's  ef|uator,  and  itN  attract  ion  «in  the 

Uurial  bulge  cauMes  what  ia  called  pr*c«nion  af  l\t  tifui- 

,  which  will   be  dim-UHM^d    tn    the  next  chapter  (.\r(. 

Jt  U  Uie  cause  of  the  wiuiclering  of  the  ccleatial  pole 

Art.   47.      Thoorj-   and    observation   agrcis 

I  eonnection  was  lirat  cutabliHhcd  by  Newt^ui  in  the 

eipia. 

100.    ^bereldl.  —  Before  diMcu»i>ing  the  form  of  ihe  earth, 
\  i*  ni-o^owarv  to  define  some  ^-omrtricnl  noun's. 
An  ellipse  is  a  plane,  dosed,  oval  surface,  such  that  the  sum 
r  the  tlistancns  from  any  point  on  its  ciruumferem.'e  to  two 

I  [Miiiits  within  in  nmHtiint.  _ 

Tliius  in  Kiir.  4H.  ABA'R  is  an  ellipse, 
I  J'*^+  PP  is  tlw  same  wherever  on 
vuriio  P  may  be.  The  )H>inls  F  *' 
P'  mn  called  l)>o  fori,  and  C  the 
ultr.  The  Une  AA'  is  Uic  major  nxii 
[  the  ellipae,  and  BS^  is  IIn  minor  itria. 
"  I  JJiftiiity 


Pm.  W 
AA'  "Bff  dividnl  by  AA'.     The  «cmi- 
\tg  U  PC*  Aid    SnppoM  P  it  at  ^.    Then  it  foUu<K» 
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from  the  definition  of  the  ellipse  that  BF=AC.     From  the 
triangle  FOB  it  follows  that 


J(7=  V~BF^ --B(J^=^  ^AU^ -  BU\ 

Let  AC=a^  BC=b,  then  the  ellipticity  is      ""    ,  and  the 
eccentricity  is ■» 

If  an  ellipse  is  rotated  around  its  minor  axis,  it  generates  a 
solid  called  an  oblate  spheroid.  If  it  is  rotated  around  its 
major  axis,  it  generates  a  solid  called  a  prolate  spheroid.  If 
the  ligure  is  like  an  oblate  spheroid,  except  that  the  equator 
is  an  ellipse  instead  of  a  circle,  the  solid  is  called  an  ellipsoid. 

101.  The  Actual  Shape  of  the  Earth.  —  Four  proofs  of  the 
oblateness  of  the  earth  have  been  given.  The  first,  which 
involves  tlie  measurement  of  arcs,  is  independent  of  any 
theory  res[)ectiiig  its  motions,  mass,  or  relations  to  other 
bodies.  The  second,  which  involves  the  rotation  of  the 
earth  and  the  mutual  attractions  of  its  parts,  is  independent 
of  its  relations  to  otlier  bodies,  but  depends  upon  the  laws 
of  motion.  Tlie  third  depends  upon  the  same  things  as  the 
second.  The  fourtli,  which  involves  the  mutual  interactions 
of  the  earth  and  moon,  depends,  therefore,  upon  the  law  of 
gravitation. 

The  tirst  proof  gives  the  shape  with  the  accuracy  of  the 
observations ;  the  second  is  not  complete  without  some 
assumption  respecting  the  variation  of  density  in  the  earth's 
interior ;  the  third  is  rigorous,  though  mathematically  diflS- 
cult;  the  fourth  simply  shows  that  the  earth  is  oblate  and 
the  amount  of  mass  in  its  bulge.  Some  theoretical  results 
which  are  related  to  Newton's  method  of  proof  will  be  given, 
and  then  the  results  which  have  been  derived  from  all  avail- 
able data. 

In  his  proof  Newton  assumed  that  the  figure  of  the  earth  is 

.  oUata  spheroid,  and  he  calculated  that  the  ellipticity  of  a 
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n)«riduui  Hection  la  ^jg.  It  ^-a*  first  proved  in  1*40,  by 
Mm-Uurin,  tliat,  if  a  body  is  a  rotating  horaogcaous  tluid 
Bulijvct  tt)  no  forctM)  but  the  mutual  gnivitaliou  of  ita  partM. 
WD  oblntfl  sphcrwid  iit  one  of  iu  ligurea  of  equilibrium. 
Wbvo  lliv  rotatiuii  is  nut  to»  rapid,  tlii-rc  are  indeed  two  obtatv 
^iberoidfl  «tui:b  aatisfy  the  conditions  of  oquilibrium.  Onu 
u  omtiy  •plierical  like  tbo  earth,  and  tlio  ntber  is  mucli  more 
flatUuiMl  at  thv  pnks.  Tims,  A  and  B  (Fig.  W)  represent 
the  fomis  fur  r  cvrt«tn 
itrnBity  and  rate  of  rota- 
lirtu,  Wbvn  the  rota- 
tion ia  faster.  A  i*  more,  | 
and  B  U  levM,  nearly  \ 
•pbcriral.  For  a  n-rlain 
rate  of  rotation  tbvy  co- 

iLrkde,anil  fur  a  greater 

kt«  tfaey  do  Dol  exiitt.  Jacobi  showed  later  that  an  ellipanid 
i«  tXma  a  figut«  of  eijuililiriiim  fur  certain  rates  of  rotation; 
Aod.  DKire  reoently,  I'otnoure  has  proved  that  the  numlier  of 
figtuvi  b  aiiliiiiit«<l,  though  they  an;  of  very  s)>«H-ial  forms. 
1*Im  form  Dearest  a  sphere  aeeimt  to  hara  the  greatest  sla- 
tnlity.  and  i«  that  which  one  would  expect  to  Hnd  in  nature. 
If  tfav  body  is  made  up  of  a  numlwr  of  se|Hirat«  fluids  of 
diffrrent  denaiUva,  ita  fomi  can  nut  bv  exactly  an  ohlale 
a{iber«iid.  The  demonstration  of  this  theorem  was  giveu  by 
H»Diy  in  1887. 

It  follows  fnim  the  preceding  d)scu«itiuii  that  we  ahoubi 
expect  to  find  that  the  earth  is  nearly,  though  nut  exactly, 
an  obUtc  spheroid,  and  ohHervalions  of  all  sortn  support  tbis 
eaocliui4in.  Ita  deriationa  from  an  oblate  spheroid  are  so 
small  oompami  to  its  Ka»  tluit  tb«i  olisrr  vat  ions  have  not 
shown  with  certainly  just  wlist  Ihcy  are.  except,  of  courae. 
the  continental  elevations.  At  pn^sent  the  slight  errom  In 
the  ofaserrattona  mask  these  sniutl  differences,  though  some 
of  Um  BWMQraneots  seein  to  indical«  that  the  eiiuator  is  out 
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a  circle,  but  an  ellipse  with  one  diameter  about  half  a  mile 
greater  than  the  other.  The  ordinary  method  is  to  treat  the 
earth  as  an  oblate  spheroid,  and  to  count  all  irregularities  as 
deviations  from  this  standard.  The  spheroid  which  best 
satisfies  the  various  observations  has,  according  to  Harkness, 
an  ellipticity  of  ^J^.  In  1866  Colonel  Clarke  of  the  English 
Ordnance  Survey  found  an  ellipticity  of  ^\-^.  This  is  the 
value  generally  used,  notwithstanding  the  fact  that  he  found 
09V5  ^^  1878,  and  Harkness  ^^^  in  1891. 

102.  Triangulation  and  Latitude  Determinations.  —  Two 
classes  of  observations  are  necessary  to  determine  the  shape 
of  the  earth  by  measurements  of  arcs.  The  first  class  con- 
sists  of  those  necessary  to  find  the  distance  between  the  two 
end  stations ;  the  second  consists  of  the  determination  of  the 
latitudes  and  longitudes  of  the  end  stations. 

The  accurate  measurement  of  a  long  distance  on  the  sur- 
face of  the  earth  is  by  no  means  an  easy  matter.  The  errors 
in  the  measurements  down  to  the  time  of  Picard  were  verv 
serious,  and  k^d  to  the  erroneous  conclusion  that  the  earth  is 
a  prolate  spheroid.  The  method  of  obtaining  the  distances 
between  points  which  are  far  apart  is  a  little  indirect,  but  is 

so  clianicteristic  of  astronomical  processes, 
and  at  the  same  time  the  results  are  so  far- 
reaeliing,  that  it  is  worthyof  some  considera- 
tion. 

Sui)pose  it  is  desired  to   find  very  accu- 
rately the  distance  from  ^  to  P  C^^ff-  50), 
\     /  whieh  is  perhaps  several  hundreds  of  miles. 

D  First,  some  short  distance  AB^  say  10  miles, 

is  measured  with  the  very  greatest  care.    The 
measurement  is   made  along  the  horizontal 
''       whether  tlie  surface  is  smooth  and  level  or  not 
This  distance  must  be  found  with  an  error  not 
exceeding  an  inch  or  two.    Then  a  station  0  is  selected  which 
is  visible  from  both  A  and  B,  which  also  must  be  visible  from 


vv^ 


thk  kahtii 
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e other.  The  nngW  BAC  mni  C/tA  are  mcasuKtl  willi 
-gnde  Kurvoyors'  iiistnituviiU;  mitl,  tlin  iwo  au{;les  niiil 
iDciaded  sidu  at  tlie  tmnglu  being  kiiowa,  the  Midtw  AC  atiil 
AV  are  ooinimted  by  plane  Irigonomelrj' .  Th«  wurk  is  t*x- 
toodei)  to  />  in  tlie  sAtue  vriiy.  Kiitl  coDtinued  uq  to  tho  [Ktiiit 
P,  kftvr  whicli  the  distance  AP  i-Jtti  lie  computed. 

ThtfimportAnevuf  iucaxurtngv4i^accurHt«ly  I'tin  bet  infurrud 
from  (be  fact  that  it  finally  luado  uh  to  the  hi/.u  of  iho  earth. 
Thia,  in  turn,  euteni  directly  in  the  meoAUremeiit  of  the  din- 
tuifv*  to  the  nifxin,  sun,  and  plaiifts;  and  the  dimtiincL'  from 
tb«  MUtb  to  the  t)un  i»  the  Inae  line  which  im  UMed  for  metiH* 
nriog  Um  dtatanves  to  the  iituni. 

SttppoM  for  Bini|ilieity  ihut  the  stations  A  and  P  are  on 
the  iftaie  neridiao :  tJien  their  angular  distanco  a)mrt  is  the 
difference  of  their  latitadoH.  The  latitudes  are  determined 
by  DkMMiring  the  altitude  of  the  i>oh-.  or  tuimething  equiva- 
lent. As  haa  been  explained  (Art.  ii<i).  the  zenith  diHtanees 
tnMaeil  of  the  altitadeM  are  always  meaMun>d  except  on  ithiiM 
at  •••.  The  xenith  is  defined  by  the  direction  of  the  |>Iumb 
liike.  or  tbe  perpendiiiular  to  the  siirfat^e  of  u  UiMin  of  nit^nrury, 
and  depends  both  upon  the  altractiua  of  the  earth  and  upon 
the  eeatrifu^  aoceleration  due  to  its  rotation. 

If  tl»e  eerth'a  crust  nt  one  of  the  atations  were  irregular 
either  in  form  or  density,  the  direction  ul  the  plumb  line 
tnighl  be  effected  ao  tluit  very  discordant  re»nll«  would  be 
found  when  applied  to  the  whole  earth.  For  exun)|ile,  sujt- 
poee  three  short  arcs  on  tlie  same  meridian  were  measured, 
and  that  it  waa  found  that  the  middle  one  was  longer  in  pro- 
portion to  ita  angnlar  dimetuions  tlian  the  others ;  the  con- 
dtuion  would  be  that,  at  one  of  the  stations  at  least,  there  were 
local  irregularitlea  in  the  direction  of  gravity.  A  more  oi- 
treme  caee  might  arise.  The  dire<^tion  of  gravity  might  be 
changed  ao  much  by  unusual  lot-al  conditions  that  when  two 
•tationa  were  wtar  together  the  one  whi<:h  was  farther  north 
actually  night  have  the  leaser  latitude  acuording  to  astro- 
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nomical  observations.  These  local  deviations,  which  are 
usually  1"  to  2",  but  which  may  be  sometimes  as  great  as 
30",  are  rendered  relatively  harmless  by  measuring  very  long 
arcs,  for  the  error  becomes  relatively  less  the  larger  the  arc 
measured. 

103.  The  Size  of  the  Earth. — The  measurements  of  arcs  give 
the  size  of  the  earth  as  well  as  its  shape.  The  earliest-known 
attempt  to  measure  iiu  arc  was  made  by  Eratosthenes,  who 
found  250,000  stadia  for  the  circumference.  The  length  of 
the  stadium  which  he  used  is  not  exactly  known,  but  ac- 
cording to  j\I.  Paul  Tannery  it  is  probable  that  his  results 
were  not  in  error  by  more  than  1  per  cent.  If  he  used 
the  common  Olympic  stadium,  the  error  was  about  20  per 
cent.  The  only  other  attempt  in  antiquity  to  measure 
the  size  of  the  earth  was  made  by  Posidonius  (about  136- 
51  K.C.),  who  found  180,000  stadia  for  the  circumference. 
No  improvements  on  these  results  were  obtained  until  Wille- 
])rord  Snell  made  a  series  of  measurements  in  Holland  in 
1017,  whicli  gave  the  value  of  a  degree  as  67  miles.^  Then 
followed  Norwood,  in  1G3(),  in  England,  and  Picard,  in  1671, 
in  France,  and  the  measurements  of  the  French  in  Peru  and 
l^apliuid  previously  mentioned  (Art.  95). 

During  the  past  century  the  principal  governments  have 
carried  out  extensive  surveys  of  their  possessions,  especially 
the  coast  lines,  in  various  parts  of  the  earth.  The  longest 
arcs  so  far  measured  are  the  one  stretching  from  Hammer- 
fest,  in  Norwav,  to  the  mouth  of  the  Danube,  and  the  nearly 
equal  one  extending  from  the  Himalayas  to  the  southern 
end  of  the  Indian  peninsula.  According  to  Colonel  Clarke's 
computation  of  18G6,  the  equatorial  and  polar  radii  are  re- 
spectively 8()G3.H07  miles  and  0949.871  miles ;  his  computation 
of  1878  gave  8963.296  miles  and  3949.790  miles.  The  dif- 
ferences in  these  numbers  are  a  fair  measure  of  the  possible 

1  This  is  not  an  iinprovemont  on  the  results  found  by  Eratosthenes  if  hii 
work  was  as  accurate  as  Tannery  believes  it  was. 
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inkMnmcy  (if  the  remilU.  The  moasuramonts  show  that  the 
t*{U»tonal  dUineter  is  nearly  27  milua  greater  tlinn  tUe 
polkT  diameter,  and  tliat  the  total  area  of  the  aarfoc^  is 
Bcari/  900,000,000  Hqoare  niileit. 

Froin  Clarke's splioroUl  of  1866,  which  in  generally  adoptod 
■a  a  bans  for  computations,  it  follows  from  methods  of 
calculation  which  can  not  be  explaintnl  here  that: 

AtlsliRiiW    D' oil*  ilflgnv  ill  Utitiiil*  e>|iMl»  fl8,7'>l  iiiile*. 

At  UUtnda  30^  nn«  Avfjrr  In  lalituac  (>(]ual«  OH.ABl  milMk 

At  klitude  Mt°  on-  dr-gmt  in  latiludr  oqiiftU  RP^:lll  inilM. 

Al  IstUixk  Mr  »«•' iWgiM  in  Uiiluae  oiiMh  ftO.lVT  milfa 

The  parallels  uf  Utitiid«  are  small  circli^s,  and  the  length 
o(  a  degTN  in  longitude  (locruases  from  the  ocjuutor  to  the 
pote.     Tbo  appropriate  compntation  shows  that  : 

Al  Isllluilf  <r  oor  it^Kf*  ■■>  Inngiluil*  ^)iiaU  ilO.it.'iS  mll>«. 
At  bUtuda  au"  OM  degree  \n  luusitnde  r^uali  QV.II.^.'i  mile*. 
QOi!  decree  In  laniptiidr  eiiiuiU  M.IAI  mil«L 
la  AO*  onai  d»|rrM>  in  luntjiitndn  m^nal*  SI.RII  uilW 
Al  latiUab  MT  one  d(«ra>  in  longitude  sciual*    U.OOO  mllea. 

lot-  Different  KJsda  of  Latitude.  Since  the  earth  is  not 
a  sphem.  a  [Mrr|wuilioiiliir  to  itw  surface  (i.e.  water-level 
aarface)  at  any  (loint,  except  on  the  eiiuutnr  or  at  the  prdi's, 
will  not  paaa  tbrou){h  ita  center.  This  luads  to  three  differ- 
cat  kinds  of  latitude : 

(« >  T)>e  «arpiMi0iM im/  latitude  is  that  detennined  by  obaerr- 
luif  the  altitade  of  the  |>ole.  or  something  equivalent. 

(b)  The  gnyrapkirnl  latitntft  in  the  angle  U-twwfn  (lie 
plane  of  the  equator  and  (tie  [lerjiendiciilar  In  Ihv  standard 
■|ilwnii>l  at  the  place  of  ntMervation. 

(e)  The  g^ocentrit  latituJe  ia  the  angle  between  the  plaiw 
of  Um  eqnfttor  and  the  line  from  the  center  of  tlie  earth  to 
tbe  plam  of  ofaMnratiuD. 
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Thus,   in  Fig.   61,  in  which  the  differences  are  much 

exaggerated,  the  full  line  represents 
the  actual  earth,  the  broken  line  the 
standard  spheroid,  and  Z|,  Z,,  and  l^  the 
three  kinds  of  latitude  of  the  place  of 
observation  A. 

The  latitudes  l^  and  l^  usually  differ 
but  slightly  from  each  other,  while  ^ 
may  differ  from  them  by  10',  or  a  little 


Fig.  51. 


more. 


QUESTIONS 

1.  With  what  other  sciences  is  the  astronomical  work  of  this  chapter 
most  closely  related  ? 

2.  What  are  the  foundations  of  mathematical  geography  which 
Eratosthenes  must  have  laid? 

3.  Kuunierate  all  possible  reasons  for  believing  the  earth  is  globular. 
Which  of  them  may  be  used  to  find  its  true  shape? 

4.  The  diameter  of  the  earth's  shadow  at  the  distance  of  the  moon  is 
nearly  three  times  that  of  the  moon.  Draw  circles  showing  how  the 
earth's  shadow  on  the  moon  shows  the  shape  of  the  earth. 

f).  Suppose  oiK^  always  measured  arcs  of  latitude  and  found  that  they 
were  proportional  to  their  angular  values  ;  would  he  be  justified  in 
inferring  that  the  earth  is  spherical? 

C).  Are  oblate  and  prolate  bodies  essentially  different  in  shape,  or 
simply  <liffen'ntly  ]>laced? 

7.  Does  every  body  at  tract  an  exterior  particle  as  though  its  mass  were 
all  at  its  cont<'r  <»f  gravity?  As  a  special  example,  suppose  the  body 
consists  of  two  unit  masses  at  unit  distance  apart  and  consider  their 
attraction  on  a  particle  anywhere  in  their  line. 

8.  The  acceleration  7  in  our  latitude  is  about  32.16  feet  per  second; 
how  long  would  a  pendulum  have  to  be  to  make  a  swing  in  one 
second  ? 

9.  SupiK)se  <7  changes  by  .005  its  value ;  what  is  the  change  in  time 
of  one  swing? 

10.   Suppose  a  change  of  one  second  in  10  days  can  be  detected; 
how  slight  a  variation  in  g  can  be  found  in  10  days? 

lit  How  will  an  increase  of  temperature  affect  the  time  of  swing  of 
^"ilttin  unlesB  it  is  in  some  way  compensated? 
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12.  Wbat  ia  the  chanMttr  ot  Uip  i-ffprl  of  »d  iucrcAM  in  the  kloKa' 
phone  pnwMU*  un  the  time  uf  Ihe  iwini;  o(  a  p-mlulum? 

IS.  If  th«  ttbaerrmtMina »K  not  rnkde  at  the  «•  tetvl,  U  il  a*t«mmy  to 
■pfrfy  aaj  eometinos  fur  KllUudeY 

li.  (iii|i|icM»  MM  •fauuld  buy  gMMl*  in  San  Franriwvi  by  w*i)[ht  and 
■vU  than  tH  tb*  Klondike  nginn  by  weight  i  would  ho  gain  or  Iom  If 
tMbotkbonigtat  mmI  nid  b)r  lishiDcvintW^  Ely  ■Iirhig  *cale«?  Rytpring 
Maia*  U  b»  raerivvd  hit  |»7  In  gold  kino  woighrd  on  apriug  maIm? 

IS.  If  Uw  •lllptk'liy  of  a  uMidUa  a»ctJoii  ol  tfao  Mrth  Is  iii,  what  U 
It*  aMmilrieiljT  StippuM  one  mak^a  a  drawing  tu  •eal»  inch  that  the 
aw)ar  Mi*  of  the  elllp«  b  8  Inehei;  what  i*  iu  minor  uU?  What  U 
IW  bvisht  of  lh«  higheet  tnoantain  on  Uie  mtro  aeale? 

14.  Wbal  U  ihB  equatorial  cireumferauce  ot  the  Mtrth? 


TilK   HESSITV   rip  THB   EARTH 

lOS,  Tbc  Deuity  of  the  Earth.  —  Since  the  volnine  of  the 
e«nh  il  known,  il«  iiiimh  van  be  found  when  it«  density  bus 
been  determined ;  or,  converwly,  when  the  tntuu  ia  known. 
the  density  oui  he  found.  This  \*%  fairly  difficult  problem 
to  lolre,  for.  since  no  direct  observations  of  the  earth's  iii- 
trrinr  otn  be  made,  it  involvea  the  relation  between  roain  and 
the  arc«lonilion  of  ffravitation.  It  in  more  diflicuU  than 
fiixling  the  density  of  nearly  any  other  planol  afu-r  the 
density  of  tlie  earth  ha*  been  found. 

The  density  nf  the  rnck.  which  constitates  that  part  of  the 
earth's  crast  whiob  can  bo  osamined  generally  liits  between 
two  uid  three  ttmes  that  of  water  at  its  greatest  density 
(water  is  denaeat  when  iu  teiD|ierature  is  about  8'J*  Fahren- 
tioit).  Thn  nuterUl  to  tb«  earth's  interior  is  subje<-t  to  an 
inconoeirafaljr  graat  pressure,  and  one  naturally  would  expect 
that  it*  dnwity  would  be  (rreater  than  that  of  the  surjface 
layerm.  The  method  of  tindinj^  the  average  density  of  the 
whole  earth  coiutiiits  in  Hml  finding  it*  nuun  by  comparing  its 
attraction  with  that  of  a  IkmIv  of  known  volume  and  density. 
It  is  daar  tliat  the  results  depend  Qpoa  the  law  of  gravita- 
tion, which  is  derived  fmm  the  motioiu  of  the  planets.    Here 
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again  the  work  of  this  chapter  is  intimately  connected  with 
that  of  the  next.  The  tUthcult  part  of  the  problem  from  a 
practical  point  of  view  has  its  source  in  the  fact  that  the 
gravitational  force  is  very  feeble  except  when  large  masses 
are  involved.  The  observations  and  measurements  which 
have  so  far  been  made  indicate  that  the  average  density  of 
the  earth  is  about  5.5,  or  perhaps  a  little  more,  on  the  water 
standard.  The  two  chief  methods  of  making  the  measure- 
ment will  be  described  briefly. 

106.  Determination  of  the  Density  of  the  Earth  by  the  Tor- 
sion Balance.  —  Suppose  a  rod  with  two  small  balls  at  its 
ends  is  suspended  in  a  horizontal  position  by  a  fine  wire,  or 

(juartz  fiber,  as  in  recent  experiments,  attached 
at  its  middle  point.  The  wire  a,  or  fiber,  exerts 
a  certain  resistance  to  twisting,  or  torsion^  which 
is  measured  by  displacing  the  balls,  h  and  i, 
Fig.  52,  a  little  from  their  position  of  equihb- 
riuni  and  observing  the  period  of  their  oscilla- 
tion. The  greater  the  resistance  to  torsion 
the  sliorter  the  period,  and  from  the  period 
it  is  p(»ssible  to  calculate  the  resistance  very 
ace u  rat  el  v. 
Tlu^  wliole  apparatus  is  put  in  an  air-tight  chamber  and 
the  oscillations  are  viewed  from  the  outside  through  a  tele- 
scope. Wlieu  the  e(»erticient  of  torsion  has  been  found,  the 
apparatus  is  allowed  to  come  to  rest.  Then  some  heavy 
balls  are  raised  so  as  to  be  near  the  balls  h  and  6,  but  on 
opposite  sides  of  the  connecting  rod.  Their  attraction  for 
the  small  balls  will  cause  a  slight  displacement  in  the  posi- 
tions of  the  latter,  though  tlie  fi^rees  are  so  feeble  that  it 
requires  several  hours  for  the  full  effects,  which  are  always 
very  small,  to  be  realized.  From  the  amount  of  the  turning 
it  is  possible  to  compute  the  attraction  which  has  been  exerted. 
The  attraction  of  the  earth  is  measured  by  the  distance  a 
body  will  fall  in  a  unit  of  time.     Comparing  the  two  forces 
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■nd  making  allowance  for  the  difFerences  in  the  distance  of 
th«  UdU  t  and  h  frotn  the  centera  of  the  Ur^  balU  and  from 
tlie  center  of  the  earth,  the  massrw  of  the  liir^e  bnlU  com- 
|Mf«d  to  that  of  the  earth  can  lie  fuiiiid.  Then  thii  drnsity 
of  the  earth  in  f^von  by  the  relation  that  thu  niHaii  e<]iialii  the 
Tolnnie  times  the  density. 

The  most  succeatful  recent  experimenter  is  Boys,  who 
found,  in  IN)t4,  a  moui  density  of  5..i:i7.  Tiie  earliest  ex* 
pcrimout  of  Uii.-«  kind  wmm  by  I,ord  CuvendiKli  in  IT'.'K,  who 
rawbed  the  coii('lu«i"n  thnt  iW  fjirlh'n  iivcm^e  density  is  ii.H. 
Un.  Detenninatioa  of  the  Deaaity  of  the  Earth  by  the 
MaoBtaiB  Method. — The  dilKculty  uf  the  torNioiidHilancu 
iH-ihod  hft«  itA  aourre  in  the  fact  that  the  forces  lu  Ito 
LK-Murvd  are  exceedinf(ly  feehU'.  There  Hiv  jinurtjcal  ditfi- 
'iltica  which  |irev«nt  the  use  of  larf^u  bulls  havin|f  a  diam- 
eter of  more  than  a  few  i»i?hea.  The  mountain  method 
ronaiiiU  in  getting  a  greater  force  by  n»ing  the  attraction 
uf  a  whole  moantain.  but  other  diflioultiea  enter  which  make 
lht«  method  no  better  than  the  other  one. 

SappoMo  ■  ilngle  mountnin  rineit  abruptly  from  a  fairly 
level  |>lBiii,  aa  in  Fig.  M.  (For  ]>ur{Hi«e>t  uf  illuttlration  tJie 
ligurs  b.  of  eourwe,  greatly  out  of  true 
pro|Mirtiona. )  Cutiaider  two  stations  on 
upiMtfite  aideii  of  the  mountain,  oh  ^,  and 
A^  If  it  were  not  for  the  mountain,  a 
plumb  litM  at  J,  would  hang  in  the  line  '>«-»•■ 

.1,>i|.  but  ths  ottnictinn  of  the  mountain  deflects  it  to  A^y 
\  «imibir  deviation  takes  phtee  at  A^.  llic  problom  is  lu 
•.'I  llieae  deviatjtma. 

Sup|iii«<>.  for  Nmplicity.  in  the  prevent  dist'uiwion  tliat  ^, 
and  A,  are  nn  the  aame  meridian.  Then  the  angle  between 
tbe  line*  A,«,  and  A^  is  the  actual  difference  in  latitude 
of  tbe  two  stations,  which  can  Ih-  found.  Ninco  the  size  of  the 
earth  is  known,  fmm  the  meaaurement  of  the  distance  from 
Af  ti>  A,f  by  Iriangidation  around  llie  monntsln.     Now  mip> 
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where  the  ruth'A  crtMt  litw  Ixren  foKIcd,  an<l  wli«i¥  rapid 
Tuiatioos  in  density  to  grpttt  ilrpths  iiiuy  conxidembly  ehiin^ 
the  (lirectioQ  of  the  plumb  litip.  imlciwiKlontly  ot  the  direct 
■ctioQ  of  the  mountain. 

The  mountiuii  niethiHt  of  fiiidiiig  the  ilen-iity  nf  the  earth 
WM»  flntt  tried  in  1774  hy  tlie  Kn{;liiih  AKiroiiomer  KoyaU 
Srvil  Miwki^lyni.%  who  neU-Pled  for  his  puriKxte  SchehiUlivn, 
m  S(-i)tland,  a  narrow  rid^  riinninK  eant  and  wr»t.  He 
found  a  deviation  of  12".  The  amnnnt  of  deviation  was 
diflouaaed  in  connection  with  iho  duta  of  the  riUtft'  hy  Charles 
Hutton.  who  ttame  to  the  eoncltuiioD  that  the  earth's  density 
ia  ahout  4.5.  Newtnn  had  estimated  a  i-entury  earlier  that 
it  is  lietween  <*>  and  6. 

IM.  The  CondltiOD  of  the  laterlor  of  the  Earth-  —  Almost 
all  that  ia  kiiown  concerning  the  condiliun  uf  the  lutcriur  of 
Uw  •utb  has  been  found  by  indirect  procumes  involving  the 
aotioM  ot  the  earth  and  rehited  phenomena. 

Then  ue  many  reaaona  for  believing  that  the  interior  of 
the  ettrtb  ia  rery  hot,  and  ^olof^ttli*  ^nerully  have  BUppoted 
until  recently  Uial  it  is  in  a  niolti-n  condition  except  fur  a 
relatiTely  Ihin  crnat.  Aatronuinem  and  physicists  now 
belivn  that  it  is  aolid  throu);hout.  except  possibly  for  small 
poeketa  where  the  pressure  is  below  the  normal,  and  most 
geoloyiats  are  acceptin^f  this  view  and  are  dndiiig  that  it 
doea  not  contradict  ifcoKi^cal  phenomena.  The  tenijieralure 
ia  undoutitedly  above  the  niellinf;  point  of  nil  ordinorii- 
material  at  premurrs  Muoh  tia  prevail  at  the  earth's  surface. 
But  the  melting  i>oiiit  increiwcs  with  the  pressure,  and  it  is 
now  believed  tluit  the  pressure  inervasea  so  fast  in  the  interior 
roini*r««l  to  the  increase  of  temperature  that  tlte  point  of 
fiuion  ia  never  rvaelied.  Some  of  the  principal  reaaons  for 
believinff  that  the  earth  is  aolid  will  iw  enumerated,  without 
entering   into   the   delaiU  of  the  diaonmiona,  which  can 

reo  note  oonreniently  in  other  connection*. 
a)   It  liM  been  menlioneil  (Art.  99)  that  the  attractioo 
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I  itrh.     Or.  simpler  slill,  Kinull  tnaftsca  uf  ico  are  quite  rigid, 
liile  i^Uuvn  How  lutirti  likv  stre«Dia. 

THE   KAKTM's   atmosphere 

lOB.  Kktttre  of  the  Auno8pb«re.  —  The  nttnosphere  is  the 
fr%M^>i>i>  <-nv(>lojio  which  .turriiuntLi  the  earth.  Its  luain  con- 
sttltiriiiii  itri'  alxmt  IQ  {wr  cent  of  nitrt>>;eii,  nboat  21  per 
mit  i>[  itxygva,  «nd  ilKiut  .0008  per  cent  of  rarbon  tlioxide. 
ljuitviinuiiilieriif  other  elmnvnts,  u  arKon.  neon,  and  beliuin, 
have  Iwvn  fdiiiiil  in  Tcrr  minute  quantities.  Then  there  i« 
wMtEf  vapor,  which  varies  greatly  iu  aiixmnt  at  different 
titu<^-  Such  ihingH  uh  dimt  lurlicleH  iind  smoke  are  rrj^inled 
w  impiiritieti  nitht-r  ihaii  lru>-  i-oimLituentH  of  the  atiitosphere. 

lift  CinetJc  Theory  of  Cues-— It  will  bo  essential  for 
much  whitfh  followi*  to  obttiin  h  clrnr  idea  of  what  n  gaa  ia. 

All  of  the  thousands  of  substances  of  which  the  earth  ia 
coini>o«ed  are  made  up  nf  alioul  75  differfiit  clementa,  or 
anil  matcriaU.  Each  uf  iheae  eleiuenljt  in  composed  of  ex- 
(criUnf;)}'  minute  iuinicK>«  called  ntomM,  whirli  are  so  nearly 
alike  ittKi  ibey  can  not  be  diMtinj^uisheil  from  ivcb  other. 
Tb«  atoms  liave  the  pnifK-rty  of  uniting  with  each  other  in 
larionaways,  and  most  substances  are  ibe  combinations  of 
two  or  mcHv  elements.  Thus,  water  is  formed  by  Ibe  union 
^4  tvu  aUmis  cif  bydroffen  and  one  of  oxygen.  Water  is  not 
bydro|{«n  or  oxygen,  but  a  new  iiulwtani-e,  ni<wt  of  whotM 
pnipertie*  are  entirely  dilTrrent  froiu  that  of  ritlier  of  the 
elmeota  oill  of  which  it  ia  composed.  Hydrocyanic  gus  is 
aat  of  the  deadlicat  poisons,  yet  it  is  composed  of  hydrogen, 
earboo,  and  nitrogen,  wliich  enter  very  largelv  into  all  cor 
food. 

A  uhttance  ia  made  by  the  union  of  aUnns  in  a  very 
intimate  way.  The  nioins  form  little  UMlies  called  m^Ucmit*, 
wbieh  am  themnalleMt  amounts  of  a  substance  that  can  exist, 

r  if  they  are  broken  up,  it  becumea  wHDotiutig  ebe.    U  ia  not 
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known  just  how  small  molecules  are,  and  different  kinds 
probably  differ  much  in  size ;  but  the  question  of  their  size 
has  been  raised  by  Lord  Kelvin  and  others,  and  such  data  as 
have  been  obtained  indicate  that  it  would  take  something 
like  five  hundred  millions  of  them  laid  side  by  side  to  make 
a  row  an  inch  long. 

When  a  substance  is  the  element  itself,  two  or  more  atoms 
(with  a  few  exceptions)  are  united  together  to  form  a  mole- 
cule of  the  element.  Thus  the  molecules  of  oxygen  gas  are 
composed  of  two  oxygen  atoms.  A  gas  or  mixture  of  gases, 
and  in  particular  the  atmosphere,  is  made  of  an  inconceiv- 
ably large  number  of  molecules  which  are  very  close  together, 
yet  far  apart  compared  with  their  dimensions.  They  are 
free  to  move  around  among  each  other  except  for  collisions, 
and  tliey  do  actually  move  with  great  velocities,  depending 
upon  the  weight  of  the  molecule,  the  temperature,  and  the 
pressure.  Thus,  hydrogen  molecules  under  atmospheric 
pressure  and  at  the  freezing  point  move,  on  the  average^  with 
a  velocity  of  more  than  a  mile  per  second,  and  a  large  per- 
centage move  with  greater  velocities.  The  higher  the  pressure 
and  temperature  the  greater  the  velocities,  but  the  heavier 
the  molecules  the  smaller  the  velocities. 

A  gas  exerts  pressure  on  everything  with  which  it  comes 
in  contact.  For  example,  if  the  air  were  exhausted  from  a 
vessel,  the  atmospheric  pressure  on  the  outside  would  be  so 
great  that  it  would  be  crushed  unless  it  were  made  of  very 
strong  material.  The  pressure  of  the  atmosphere  at  sea  level 
is  about  15  pounds  to  the  s([uare  inch,  though  it  varies  about 
half  a  pound  with  the  condition  of  the  weather.  The  pres- 
sure is  the  result  of  the  impact  of  millions  of  molecules  per 
second  on  every  square  inch  of  surface.  This  velocity  and 
impact  theory  of  gases  is  known  as  the  kinetic  theory  of 
gases. 

HI.  The  Escape  of  Atmospheres.  —  The  height  to  which  a 
body  will  rise  from  the  earth  depends  upon  the  velocity  with 
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which  it  ttartM.  If  »  tiody  were  Rtartod  with  8uffici«nUjr 
f[n»t  Telocity,  Et  would  pniM  sway  to  the  diituncv  of  thu 
moon,  or  hud.  or  evem  to  the  stars.  For  un  attracting  \nnly 
of  any  mam  anil  ttizp  tht^r«  is  a  vvluuity  of  permunviil  uscapo 
from  it,  which  in  giwa  hy  the  formula' 

I--  VijR. 
where  V  n  the  rvlocity,  y  the  acceleration  at  the  surface,  and 
X  the  radiiu.     For  convenience  of  reference  the  velooitien 
of  Mci^M)  for  the  prinvipal  Itodie*  of  the  aolur  ayatein  mn 
given  in  tha  following  t«blu  : 

Th*  nlnrlt;  ci(  Mcapv  (or  thn  ritrth  ia     ff.O.'i  milM  ptr  mvmimI. 

Tbr  Tvlorltf  tif  a^wspv  for  tlm  iitoon  la     l.ttf  mlli-t  ]>^r  Mirotul. 

TIm  TvkicltT  of  Micap«  for  thr  nun  [«     SMI.fMI  nitlcM  ]vr  wvumL 


Tbc  ntlorlt;  at  Mn|>o  for  Mt>r«ury  is 
Hm  Tttlaab^  af  cKaiw  (or  Wnu*  U 
TIh  Trfool^  of  Mc^0  for  Man  i» 
Tba  wdoaitj  of  «an|w  (or  Juj-lipr  is 
tim  vtkMitj  of  oMtapa  (or  Saturn  i* 
The  v^mUj  at  maf»  (or  I'raituK  i« 
Tim  »«lo«Hy  tl  mnf»  for  Nq>tuns  is 


2.45  mil**  [wr  iwvouil. 

9JXi  inilM  [wr  McoDit. 

H.li)  milm  [wr  m«oiii1. 
ST.ld  miliM  |rr  wcuiid. 
:^*.&7  tnilifii  jit>r  BccuDtl. 
13.15  luWen  prt  tecoad. 
la. 04  uiitM  wr  arcDiiil. 


From  this  table  it  follows  that  the  earth  will  lose  ita 
atnoiphen)  very  alowly.  if  at  all,  by  the  escape  of  ita  sepa- 
nU<  moleoiilea  in  accordance  with  the  kinetic  theory  of  gaitea ; 
bnt  the  case  may  be  somewhat  different  with  the  moon  and 

nciiry. 

I  Ul.   The  Helcht  uid  Has*  of  the  Atmosphere.  —  The  at- 

Mpbere  eiterids  at  least  as  hi^h  as  the  clouds  and  highest 

untains.     Hie   i)uestion  of   where  it   termiiiali-ii  ran   be 

pnached   eittier    theoretical  ly,   or    from    olmervationa  of 

a  which  dc|>cnd  upon  its  exiat«Dce. 
The   theoretical    discussions   show    that    the   atmoapberi' 
becomoa   thinner  and  thinner  until  it  no  longer  obeys  the 
Uw  of  gaaea.     It  proliably  becomes  inappreciable  at  a  dia- 
B  of  100  milM  from  the  earth's  surfaeir. 

<  ImtndtKUom  lu  CWsMM  JfMteaiM  p.  4S. 
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Twilight  phenomena  furnish  a  means  of  finding  something 
about  the  height  of  the  atmosphere.  After  the  sun  sets  in 
the  evening,  and  before  it  rises  in  the  morning,  the  sky  in  its 
direction  is  illuminated  for  a  considerable  time.  It  is  diflB- 
cult  to  tell  just  when  the  dawn  begins  or  the  twilight  ceases, 
but  it  is  when  the  sun  is  not  far  from  18**  below  the  horizon. 
The  twilight  illumination  is  due  to  the  reflection  of  the  sun- 
light to  the  observer,  from  the  upper  air,  or  perhaps  from 
solid  particles  in  the  upper  air,  and  it  follows  from  the  fact 
that  it  is  visible  until  the  sun  is  18**  below  the  horizon  that 
the  atmosphere  is  at  least  40  or  50  miles  high. 

The  duration  of  twilight  depends  upon  the  angle  the  sun's 
diurnal  path  makes  with  the  horizon.  When  it  goes  straight 
down,  the  twilight  lasts  an  hour  and  twelve  minutes,  for  the 
earth  turns  15°  liourly.  If  the  sun's  diurnal  path  meets  the 
horizon  obliquely,  the  twilight  is  longer,  extending  to  three 
or  four  months  near  the  pole.  In  our  latitude  it  is  about  two 
hours  long  in  the  summer  and  an  hour  and  a  half  in  the  winter. 

The  phenomena  of  meteors  furnish  an  independent  means 
of  finding  the  height  to  which  the  atmosphere  extends  in 
sensible  quantities.  Meteors  are  small  particles  of  matter, 
which  dash  into  the  earth's  atmosphere  from  interplanetary 
space  with  high  velocities,  such  as  12  to  45  miles  per  second. 
They  are  invisible   until   they  are   made  incandescent   by 

friction    with     the    upper    air.      The 
/\  heights  at  which  they  become  visible 

/     \  can  be  found  by  two  observers  at  dif- 

^/  \  ferent  stations,  as  A  and  B  (Fig.  54). 

—       '  ^--^       They  both  measure  the  apparent  direc- 

^^""'*'  tion    of   the   meteor  w,  when    it    first 

becomes  visible.  This  furnishes  the  data  for  solving  the 
triangle  and  finding  the  height  of  m  above  the  earth.  Obser- 
vations of  this  sort  show  that  the  atmosphere  is  dense  enough 
up  to  an  altitude  of  100  miles  to  make  at  least  som^  meteors 
incandescent. Bs  they  pas&  through  it. 
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The  nunira  w  very  probably  an  electrical  plienomeDon  of 
ttir  rara  u)i|ier  fttuiiMpliere,  tbougli  it  is  not  yet  v«<ry  well 
uihIcMikkI.  Krtirii  Hiiimluiieous  obMervationa  by  ubBvrveni 
jtt  tiiffrrent  ktaliuim,  like  tbose  nitule  for  iiiet«»ra,  iU  alUtiitle 
above  the  earth  con  b«  compiitnl.  The  soiitherti  ends  of 
the  stmmeni  are  ueually  over  100  miles  high  and  sotnetitncs 
u  much  as  40U  miles  high.  At  an  altitudo  of  100  miles  the 
dfoxity  of  tlie  atii)n«phcre  r«n  not  be  much  more  titan  one- 
hUliunlb  ba  gnnl  m  it  i«  at  tli«  (tea  level. 

Tha  atm<M]ihcre  is  nvnrly  all  witliin  tbo  first  few  miles  of 
tha  earth's  surfnre  (hitlf  uf  it  in  witliin  the  first  3J  mile«), 
■Dd  tamu  a  relatively  thin  layur  over  it.  Ita  total  maHa  is 
about  i.jA^.t.tA  that  of  tlie  remainder  of  the  earth. 

113.  The  CUmatlc  Influeaces  of  the  Atmoepbere.  —  Next  to 
titc  Buu,  Ihe  nttntniplH-rc  liiw  the  greatt'.il  influence  on  the 
iiniate.  One  uf  it«  mo«t  important  vfferts  is  in  equalizing 
'  ;..•  tcm[wmture.  In  the  first  place,  the  direct  rays  from  the 
lu  are  abaorbed  to  a  considerable  extent  before  they  reach 
L'-  surface,  especially  if  the  air  iasatumted  with  water  vapor. 
1  III*  diminution  uf  the  intensity  of  sunligbl  is  very  notiovablo 
.:i  going  frum  a  low,  niiiiHt  rvgimi  to  a  high,  dry  one. 

IHie  rays  which  |huw  tlir^Migh  the  utmusphere  heat  Up  the 
Land  and  water  aiirface,  and  at  night  part  of  tbia  heat  i» 
railiated  into  si»ce.  Hut  the  loss  is  not  aa  great  ai*  it  would 
be  esL-ept  for  a  very  iutere«ting  circumstance.  When  the 
raya  ettme  tu  tis  from  the  «u»,  they  occupy  a  part  of  the 
spectrum  near  the  light  raya;  in  fact,  the  Ught  rays  act  ao 
much  like  the  beat  rays  that  it  is  not  neceasary  to  dutinguiiih 
Ix^tweeti  them  iu  tbta  diacusoion.  Uat  when  they  arf  nidiateil 
Ifcuck  from  tlw  wann  (not  liot>  oartb,  they  are  very  far  l»eb>w 
:  )••■  light  rays  in  the  s|>ectrum.  Now,  the  atmoapben:  ia  qnite 
"tnspanint  to  light  rays  and  beat  rays  near  them,  but  nearly 
'i.«<iue  ((I  ndiatinns  from  cooler  ImmUmi  like  the  earth.  TIm 
rrsuit  u  tlut  t)u9  air  retains  inurli  of  tb«  heat  which  ia  caugbt 
by  the  earth.     It  acts  much  Ukv  the  gloM  oorer  to  the  gar- 
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dener's  hotbed  which  admits  the  rays  of  the  sun  almost 
without  sensible  absorption,  while  it  keeps  the  lower  spectrum 
radiations  of  the  soil  from  escaping. 

The  water  vapor  and  water  particles  in  the  air  aid  very 
much  in  this  blanketing  process.  Gardeners  fear  frosts 
only  on  clear  nights  after  a  rain  when  there  is  but  little  water 
vapor  in  the  air.  In  high  and  arid  regions  the  radiation  is 
so  rapid  that  the  niglits  are  always  cool,  however  hot  the 
days  may  be. 

The  atmosphere  equalizes  the  temperature  in  another  very 
important  way.  The  air  currents  carry  incalculably  large 
quantities  of  heat  from  hotter  to  cooler  regions.  The  effects 
can  be  seen  on  the  western  shores  of  the  continents,  which 
are  under  the  influences  of  almost  constant  winds  from  the 
southwest.  If  it  were  not  for  air  currents,  both  the  equa- 
torial and  polar  regions  would  be  uninhabitable. 

114.  Effects  of  the  Constitution  of  Atmosphere.  —  The 
effects  which  have  been  discussed  are  not  independent  of  the 
constitution  of  the  air,  as  has  been  mentioned  in  the  case  of 
water  vapor.  Arrlienius  has  recently  shown  that  the  carbon 
dioxide  in  the  atmosphere  has  very  important  climatic  influ- 
ences. As  small  as  the  amount  is,  he  shows  that  if  it  were 
doubled  the  temperature  would  be  both  more  uniform  and 
notably  higher.  If  it  were  lessened,  the  climate  would  be 
more  varied  and  colder.  Chamberlin  believes  that  a  periodic 
increase  and  dei)letion  of  the  atmospheric  carbon  dioxide  is 
the  primary  cause  of  the  great  variations  which  the  climate 
of  the  earth  has  undergone.  There  is  abundant  evidence 
that  our  latitudes  have  been  periodically  covered  alternately 
with  vast  sheets  of  ice  and  semi-tropical  vegetation.  This 
shows  how  useless  it  is  to  speculate  on  the  climatic  condi- 
tions of  other  planets  witliout  knowing  anything  about  the 
constitutions  of  their  atmosplieres. 

115.  Rdle  of  the  Atmosphere  in  Life  Processes.  —  Life  pro* 
are  of  two  kincjs,  vegetable  and  animal.     Vegetable 
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•olwtADOc* arc  lArfjelj-  catrbon  conipouiida  and  water.  Since  it 
U  Um  carlxm  which  burns,  its  abundance  is  ainjily  esub- 
liabrd.  I'lanta  obtain  their  citrboii  from  the  carbon  dioxide 
of  tb«  atmoMphi're.  In  the  tn-lU  of  (ho  Icavcti  th<t  «nrrffy 
drrived  friim  the  stin's  radiations  in  sonK*  way  wpnratos  the 
carbuo  and  uxvjion  of  carbon  dioxide.  The  imrbiin  is  nM-<l 
hj  th«  plant,  while  Uw  oxygen  ia  given  back  into  the  altnoa- 
{ibefv. 

Aaitnala.  or  at  lea«t  all  the  higher  formit,  de^jMnd  ui>ou  the 
oxj'gao  of  t)>e  air  for  existence.  The  source  of  the  energy 
pGweaaed  by  au  animal  in  very  interesting.  Ananininl  takes 
into  his  system  plant  cells  which  contain  the  carbon.  The 
oxygen  from  the  air  unites  with  this  carbon.. forming  cnrlton 
dioxide,  and  girea  up  the  same  amount  of  energy  as  was  used 
wben  tl»e  ffiinliglil  sepaniled  the  two  elements  in  the  plant. 
Thus,  indirvctly  the  energy  used  in  all  our  activity  eomra 
f  p>ui  the  BUD. 

Id  discussing  the  hahitabilily  of  other  jilaiiets,  at  least  by 
any  such  cn-atures  aa  are  on  the  earth,  the  cluiractvr  of  the 
atmiHpIx^re  mu«t  iiwpNKsrily  be  treated  as  an  iniixirtant  factor. 

118.  TvinkUng  of  St*ra.  —  When  we  liHik  at  a  star  near 
iJms  horixoa.  we  at  once  notice  that  it  twinkles,  or  MirimtillaUt. 
eapevially  in  the  winter  time.  The  phenomenon  is  purely 
attiMJi^iherie  and  is  due  to  warea  of  air  of  unti(ual  density 
and  nfnu-ting   |tower   sweeping  aonias   llie  line   of   sight. 

When  a  star  is  viewetl  through  a  lelescoite,  the  tninkling 
is  maguified  into  actual  "dancing."  If  ime  is  watching  a 
star  cTtim  the  field  of  a  transit  instrument,  ita  dancing  inter- 
feres very  much  with  his  estimating  the  time  of  its  [laiuing 
tbe  spider  lines.  Sometimes  a  star  will  ap[tare»tty  |uuis  a 
spider  hoe  and  tlien  dart  back  to  the  otiier  side  fur  an 
instant. 

Tbe  clear,  cold  nights,  wla>n  the  stars  "sjiarkle"  and  ox- 
dtc  tiw  interest  of  ordinary  spectators,  are  of  little  ralue  to 
Ifaa  aAnnioner.     As  was  alatad  io  ooDnBotioo  with  the  dia- 
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cussioQ  of  telescopes  (Art.  83),  the  unsteadiness  of  the  air 
is  the  worst  foe  the  observer  has.  The  twinkling  increases 
with  the  distance  from  the  zenith,  and  it  is  with  much  dif- 
ficulty that  valuable  observations  can  be  made  near  the 
horizon. 

117.  Refraction  of  Light  by  the  Atmosphere.  —  When  light 
passes  obliquely  from  the  air  into  a  denser  medium,  such  as 
glass  or  water,  it  is  refracted  toward  the  perpendicular  to 
the  surface  separating  the  two  media.  Similarly,  when  light 
comes  from  space  into  the  earth's  atmosphere,  it  is  refracted 
toward  the  perpendicular ;  but  the  density  of  the  air  increases 
from  its  outer  limits  to  the  surface  of  the  earth,  and  the 
light  is  continually  bent  so  that  its  path  is  a  curve.     Thus, 

in  Fig.  55,  let  L  be  the  light 
from  the  star  which  reaches 
the  observer  at  A.  If  it  were 
not  for  the  refraction,  he  would 
see  it  in  the  direction  AS.  But 
it  appears  to  be  in  the  direc- 
tion from  which  the  light  comes 
when  it  enters  his  eye,  and 
he  sees  it  in  the  direction 
AS'.  The  angle /SAiS"  is  called 
the  amjle  of  refraction^  and  tlie  correction  for  it  must  be  ap- 
I)lied  to  all  observations  of  position,  such  as  those  for  obtain- 
ing the  altitude  of  the  pole  and  the  latitude  of  the  observer. 
The  refniction  is  zero  at  the  zenith  and  increases  in  a  rather 
complicated  manner  to  the  horizon,  where  it  averages  about 
35'.  The  amount  of  refraction  depends  upon  the  pressure 
of  the  air,  its  temperature,  and  the  amount  of  water  vapor  it 
contains. 

The  effect  of  the  refraction  is  to  increase  the  apparent 
altitude  of  every  object  not  at  the  zenith.  The  apparent 
diameter  of  the  sun  is  about  32' ;  consequently,  when  its 
lower  edge  is  apparently  at  the  horizon,  it  is  really  entirely 
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below  the  horir^n.  Thiia  refrsctioD  leagttietu  the  period  of 
•uiuhinff  tlaily  by  the  timH  it  tnkes  the  sua  to  move  twice 
tu  dumeter,  or  about  1*.  If  it  moved  per{>eiidicularly  to 
the  biirizon.  the  increoiiH  in  nuiuhine  would  amount  to  ubout 
4  minute*,  but  where  it  riiteit  aud  sett*  uhliqudy,  un  iii  our 
latitiid<%  the  time  is  con»idcr»bly  lonfrer. 

The  liftht  from  the  lower  tnlge  of  the  sun  is  refracted  more 
than  that  from  llie  upper.  That  is,  the  lower  edge  w  raised 
apparently  more  than  the  upper,  and  when  the  sun  in  near 
tiM  borizon.  it  appears  flattened  in  the  vertical  direction,  att 
any  one  can  verify.     Precisely  similar  reiuarks  apply  to  the 
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y  of  ibjlvrmiDuiB  the  xt»m  of  tb* 


1.  Can  yim  think  ci(  khv  oth 
•arth  (ban  hj  it>  aUra^bub  fur  » 

2.  Can  \he  Rsrth'*  BUractiun  for  th«  itionn  ba  nanl  for  thi*  jiuqioa^f 
X.   Tba  prMBura  on  matti^r  in  thit  farth'*  interior  niuala  tho  wvight 

of  Xkm  matoial  alMn  IL  Tb«  wetjiht  o(  a  ru)>to  foot  of  waur  U  about 
mpiMMlfc  What  Ulhepiwaaurn  perwiiianinFhon  ■  bod;  at  thr  bottom 
of  aa  oeaaa  S  laQca  dccpT  What  U  tbn  prmuiv  \rt  iKiuam  inch  on  a 
body  nndt*  100  milea  af  mattnr  thnw  titnni  ai  iIpiiv  ■«  water? 

4.  The  tartb'a  attraittion  will  cau«  a  hnd.v  at  ita  «ur(Bc«>  to  fall  14 
frvt  ID  tbe  flrrt  »«ooail ;  bow  (ar  will  a  body  •  mila  io  (Jiamat^r  «aUM 
a  hoAj  at  it*  mirtmeo  to  fall  in  the  tint  MVond  7    .<  u.  ^  of  an  Larh. 

&.  How  (tvat  a  <Uriatioii  will  a  hMai«|»berkal  mouDlain  one  mil* 
tn  ilia  ail  111  and  of  dntailj  3  prodare  In  a  plnmb  tina  hang  at  ha  baae  f 

fl.  Will  Ik*  attraotloB  of  tb*  tnouoUln  Intniduee  anj  mnvn  in  tb* 
Iriaafalalkai  wkieh  mwa  be  niada  around  Um  momttaln  la  the  mountain 
■Mtbod  ol  ftafing  the  Mitli'ii  dvnaily  T 

T.    What  if  tha  U«  of  th»  {jarallalognm  of  totvnt 

•.  If  tlw  Mrth*a  vrsil  wm«  thin  and  <!n|«bl0  of  aliding  on  a  fluiil 
tatariar,  waaU  pracMiioa  be  laMrr  or  aloin>r  than  It  uT 

v.  Db  tha  ■KifeealM  of  a  liquid  paaa  arouiul  amonK  each  other  T  Ho 
ik»Tlasaainla«aUT 

'  '   It  a  plaM  (iMi  (itm  artifletal  lichu  and  arm  bow  Iod|;  iha  twl- 

Um  aarth'a  atmofibere  ia  lon  tniloa  deep )  draw  the  earth 
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CHAPTER  VI 

THE  MOTIONS  OF  THE  EARTH 

The  e«irth  rotates  on  its  axis  and  revolves  around  the  sun. 
These  facts  have  been  obtained  by  an  enormous  amount  of 
work,  and  after  many  bitter  discussions.  A  large  part  of 
the  theories  of  astronomy  depend  either  directly  or  indirectly 
upon  tliem,  and  no  other  facts  are  of  more  fundamental 
importance.  This  cliapter  will  be  devoted  to  the  reasons 
astronomers  liave  for  believing  in  the  motions  of  the  earth, 
and  to  a  discussion  of  some  of  the  consequences  of  the 
motions. 

118.  The  Relative  Rotation  of  the  Earth.  —  The  stars  have 
diurnal  motions.  This  shows  that  either  the  earth  rotates 
on  its  axis  from  west  to  east,  or  that  all  the  stars  revolve 
around  the  earth  from  east  to  west  in  the  same  period.  That 
is,  there  is  a  relative  motion  which  is  never  denied,  and  the 
only  prol)lem  is  whether  it  is  the  earth  or  the  stars  which 
move.  The  ancients  generally  believed  that  the  earth  was 
stationary  and  that  the  stars  revolved,  though  some  took 
the  opposite  view.  It  will  be  seen  from  what  follows  that 
they  liad  no  certain  means  of  determining  which  theory  is 
correct. 

119.  Historical.  —  The  Greeks  were  the  only  people  of 
antiquity  who  gave  much  thought  to  the  causes  of  phenom- 
ena, such  as  the  diurnal  motions  of  the  heavens.  Although 
Pythagoras  believed  in  the  sphericity  of  the  earth  (Art.  93), 
yet  he  thought  it  was  the  fixed  center  of  the  universe.  The 
earliest  philosopher  who  is  known  to  have   taught  that  the 

h  moves  was  the   Pythagorean,   Philolaus,   who   lived 
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.tifoat  u  i.-etiturjr  lulttr  tlmii  i'yUiiigiiriw  («.c.  in  llie  liflli  cfii> 
tury  9~c).  Hi*  tlienrv  wiii»,  on  tlie  wbole,  fmicifiil  uml 
j>r riiM^aUNl  with  iho  luystiuisin  of  liU  hcIukiI  of  ]iliiIi»H»plty, 
\<-i  tbv  M)ncv()tioii  that  tlie  vNrtli  iiiiiy  uxive  wtw  »  grrat 
oiiitribution  to  thought  ou  tho  8ubjpc^  and  it  nwcr  fu]ljr 
I>rn»lMtl.  Several  other  t*)'tltagore)iDs  are  ineaiioncd  tui  hnv- 
111^  bvlicvitl  in  Uic  inotioiiu  of  the  tutrlh.  'Vlw  itiithorilr  uf 
I'hihilAtu  an<l  iitht-re  was  i)ij»ti.*<l  by  ('npcriiii'iis  (l-l7S-I^4d> 
in  hill  gnmt.  witrk  ud  the  theory  of  lh«  lutUr  BVHtein.  Uut 
the  rieaivat  staletui'tit  of  the  mntidtin  of  the  earth  made  in 
«u(ii|uity  was  by  AriiiUrchus  of  Sauioa  (31l)-2.'i<t  B.C.),  who 
beli«v«^  both  in  the  nttaUon  of  the  earth  AtiU  in  it«  ruvulu- 
ttnu  arouml  thv  nun. 

AriftiMle  (88l-«iH  B.c.)  rooogniMil  the  fact  that  the 
nplMumt  motiuiu  of  the  stars  con  bo  oxplainod  either  by 
''icir  revolution  around  the  earth,  or  by  it»  rotation  on  its 
i\ia.     U«  accepted  the  former  hypotheais  oa  heinj;  the  true 

HipiMirtrhuit  <1^0-110  B.C.),  who  was  the  greati-jtt  aslronc^ 

mcr  of  aatiqiiily,  and  whosu  vahiable  discoveries  wen  wry 

DUinrrutu,  tmlii-veil  iu  the  fisity  of  the  «>arth.      He  was  fol- 

hiwitl  iu  thia  o[iiDi(iD  by  I'toleray  (100-170  A.u.)  aud  every 

iicbf-r  aatrooumer  of  note  down  to  Coiieniii-'iui.     C'o[ierniGua 

.Ir\<-I.<|><tl  tile  beliocentriu  theory   in  detail,  and   it  found 

_-  a-ral  acceptaiK^e  ainou^  Hcientifk-  men.     ll  luu  been 

I  .IX  thoroughly  established  Binfie  the  time  of  Newton 

•      i7jT),  although  the  direct  proofa  of   ita  corrcctnoas 

jirv  all  more  n>eeDt. 

IM.  Tbe  L«wi  of  Motiona.  —  Thenstand  way  of  discuMinK 
whether  any  |iaiit<-uhir  Unly,  as  tb«  eutli,  mores  nr  not.  La 
6rtn  to  set  down  the  laws  of  motiona  of  b)xliea  in  (jrvueral. 
Then.  BUpiKMing  the  Uwh  atv  corret-t,  the  theory  which  ia 
finally  adopted  roost  agrev  villi  tlirm. 

\  wortl  Deinls  to  be  aaid  rfui|)ecting  the  cliararter  of  natural 
Uwa.     A  Uw  of  conduct  preacribtid  by  a  atate  make*  It. 
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obligatory  for  the  individual  to  conform  to  it.  He  may, 
indeed,  violate  it ;  but  if  he  does,  he  is  subject  to  a  certain 
penalty.  On  the  other  hand,  a  law  of  nature  is  simply  a 
statement  of  the  way  in  which  natural  phenomena  succeed 
each  other.  A  natural  law  is  a  descriptive  product  of  the 
mind  and  has  no  influence  on  events. 

The  laws  of  motion,  or  the  statements  of  the  way  bodies 
move,  were  first  given  in  their  completeness  by  Newton  in 
the  Principia^  although  they  were  partially  understood  by 
his  predecessor,  Galileo. 

Law  I.  Every  body  continues  in  its  state  of  rest^  or  of  uni- 
form  motion  in  a  straight  line^  unless  it  is  compelled  to  change 
that  state  by  exterior  forces  acting  upon  it. 

IjAW  II.  The  rate  of  cliange  of  motion  is  proportional  to  the 
force  impressed^  and  the  change  takes  place  in  the  direction  of 
the  straight  line  in  which  the  force  acts. 

Law  III.  To  every  action  there  is  an  equal  and  opposite 
reaction;  or ^  the  mutual  actions  of  two  bodies  are  always  equal 
and  oppositely  directed. 

Newton  called  these  laws  axioms^  probably  because  he 
could  not  prove  them  from  any  simpler  principles,  although 
they  were  certainly  suggested  to  him  by  experience.  They 
are  not  axioms  in  quite  the  same  sense  that  the  whole  is 
equal  to  the  sum  of  its  parts  is  an  axiom,  for  no  normal  mind 
can  deny  this  proposition.  But  the  best  thinkers  down  to 
Galileo  believed  something  different  from  Newton's  laws, 
such  as  that  bodies  fall  without  forces  being  applied  to  them, 
or  that  they  tend  to  move  in  circles  instead  of  in  straight 
lines.  The  importance  of  the  laws  of  motion  can  be  seen 
from  the  fact  that  every  astronomical  and  physical  phenom- 
enon involving  motion  of  matter  now  is  interpreted  on  them 
as  a  basis. 

The  first  law  of  motion  is  clear  as  it  stands,  and  involves 
only  the  difl&culties  of  defining  a   straight  line  and  equal 

BTvals    of    time.      In    the     second  law,    '^the  rate    of 
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change  of  moLiun  "  mtADs  the  pnxiuct  of  the  miUM  antl  the 
nXr  iif  change  iu  vohKity.  Thu  law  might  bu  tnaile  tu  read  : 
Thf  mU  of  efuiHtfe  of  felorit]/  im  proportional  to  the  faret 
imprttMii  and  invrrMfly  proportional  to  the  maaa  moved,  etc. 
The  rvinaiiider  of  the  law  U  perfectly  clear. 

Tho  tina  two  laws  relAt«  to  the  luotiou  of  a  single  body 
when  nabjoct  t*>  auy  forww;  tho  third  Htatcs  how  two  bodien 
art  upon  carh  other.  It  ineiinfl  cHsentiully  that  no  IxKly  can 
chaoj^  tb«  motion  of  another  body,  whether  th<^y  are  con- 
nectsd  by  Tiniblo  bonds  or  by  forcm  which  net  across  vacant 
■pace,  without  having  its  own  motion  (tnaas  times  velocity) 
changed  by  the  name  amount  but  in  the  opposite  direction. 
This  is  a  little  hard  to  realize,  becAUBo  it  in  not  potwible  to 
get  two  bodifs  which  nrv  subject  to  no  forces  hut  their  mu- 
tual intcraotioDs.  If  a  man  stands  on  the  ground  and  by  a 
rope  pulU  a  weight  across  its  surface,  ho  sees  tho  weight  move 
while  be  apparently  remains  still.  Thin  is  not  at  all  a  viola- 
tion of  the  law,  for  the  friction  of  his  fept  with  the  ground 
raalcM  him  a  part  of  the  earth  in  the  experiment.  The  body 
moTM.  and  he  and  tho  whole  i-urth  together  move  in  tho  oppo- 
«t«  direotioD  to  meet  it.  If  he  tried  the  experiment  while 
in  a  boat*  or  on  smooth  ice,  the  law  would  be  apimrently.  as 
well  as  actnally.  verified. 

The  laws  af  motion  have  been  verified  in  millions  of  din-ct 
and  indiiect  ways,  and  there  is  yet  no  reason  for  doubling 
their  eoRvetnen.  However,  it  is  possible  to  state  them  (|uito 
diffemttijTi  lod  many  have  preferred  these  different  forms. 


Tin   ROTATION  OF   THE   BARTn 

in.  RotttlflB  of  the  Earth  proved  by  its  Shape.  —  Every 
proof  of  the  rotation  of  iIip  ejtrth,  uu<l  of  wirything  else  as 
well,  is  made  on  the  basis  of  ct-rtnin  axioms  ami  principles. 
I  is  very  clearly  seen  in  ordinary  geometry,  where  the 
I  an  very  tew  and  aimple,  and  are  set  down  at  tha 
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\j^;riT.:.:n2  of  tLr  w-.rk.  I:  :<  'xr'.I  to  state  what  axioms  are 
ir.volv-i  ::.  rv^rv  i.r>::.  :  r  I'l.rz.  we  *.rara  what  uemonstra- 
tio;..-5  ia.-r:  Tr'.'.'.v  vf  ii!:  ir-  i -:-?:.•  i»r lit  cLiiracier  :  and  besitles^ 
whr:.  r-.'-:;!:-  ■:■:  lii.rr  i  :r..::i  ^x:  ^ms  a^ree  with  experience, 
t;»^  ax:'^::.>  .'.r-i  :i-»r:i^«-rlv-^  vrrin-r-i  i'»  the  trxtent  they  were 
iiiv^'lv^r-i.  i  •.•.-:-:■': e.  ii;  er;u:;ifr»itin;jr  the  proofs  of  the 
earti/--  rot.tt: -ri.  ti.-:-  ir::. .::  l-r<  uj»':.n  which  they  depend  will 

'I'i.e  ^r-iVUi  1-  bv/,::;^.l  .it  the  e-riiiior  because  the  particles 
of  '.vi.ii-ii  i:  i«»  •  •.»:ii J "■>..-•  i  i^i.l  t .»  riy  away  in  straight  lines  in 
a'''»rn:i:i«»:  wiili  tii'f  iirst  l.iw  .>i  iiitiiinn.  The  juirtieles  are 
L»:l'i  11  ••:m  ll'.  ii:.:  a  Way  i.y  li.eir  mutual  gravitation,  the  law 
(ti  wiii.  i:  i..i>  r»v:!:  'l-:  :v»f.l  tr'»ni  iLt-  zuotions  of  the  planets  on 
tli<r  h.t-:-j  "f  ii'.i  ti.'*  i.s'.vs  <'f  ni'iti-'ii.  It  was  first  shown  bv 
("Iriiiiiur  liiiit  tj,.-  ti;'r<.:y  aii.l  dciuai  measurements  are  in  close 
n'jv*:*:]n*'iii.  < '"ii^''f[nru:\y,  wr  must  either  accept  the  roia- 
Xi'iii  ''I  Ui*'*:ni\'u  as  ;iJi  ♦•^tiroli>hLM.l  fact, OF  else  deny  the  truth 
of  at  I'-.i-.  "-''iii'r  ''ii<t  of  {],»'  laws  r»f  nintiun. 

122.  Rotation  of  the  Earth  proved  by  the  Deviations  of 
Falling  Bodies.  —  II  ili»*  oarth  n»tates,  then  the  farther  a 
bo'ly    is    ii'tui    il>    axis    the    faster    it    goes.       Let  Fig.    56 

!♦•  pie  sent  a  .<eetion  of  the  earth  perpeo- 
dinilar  to  its  axis.  Let  A  be  the  point 
oil  tlie  axis  and  Fm  a  high  tower  (of 
cmirsr  L^Muiitly  exaggerated  in  the  figure). 
Suppose  the  mass  m  is  dropped  from  the 
lop.  If  the  earth  were  not  rotating*  it 
wniild  fall  in  the  direction  of  the  plumb 
line  (i.p,  in  the  direetinn  of  the  resultant 
forces;  accord  in  i^'  to  tlie  second  law  of  mo- 
lion,  and  would  strike  the  surface  at  F, 
Suppo.se,  iiowever.  th(^  earth  is  rotating  at  such  a  rate  that  FA 
turns  to  FA  while  ///  is  falling  to  the  surface.  If  it  were 
not  for  the  attraction  of  the  earth.  ???  would  go  in  a  straight 
line  to  m'.    The  resultant  attraction  is  at  right  angles  to  this 
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line  sod  diieii  not  chiiU}^  the  motion  of  m  in  Uiib  ilireoUon, 
but  itnprMKH  U|hid  it  a  new  one  tuwArd  tlie  enrth.  The  rev 
■ult  U  tliat  it  deHcrilHM  tlie  curved  liuu  mt*  iiiid  striktis  the 
earth  nl  P.  a  little  eiut  iif  the  foot  of  lite  |>erpfniliculiir. 

Thv  drvialion  i«  zpro  nt  tlie  {wW  nnd  grcat^Mt  at  the 
vqiutor  for  «  fjiren  height.  Thf  deviation  is  small,  being 
ID  our  latitude  only  abiiut  an  inch  for  n  fall  of  500  feel. 
Air  curTentA  or  any  little  irregnliiritieK  in  the  idia|>o  of  the 
falling  \toAy  are  Hnfticieut  to  nimtk  the  quantity  to  he  niwaM- 
urvd.  The  mtwt  Huccewful  expt-rinicutN  hnve  been  perfurmpd 
in  mine  sliaft«  and  lutve  given  tpiito  aatisfactory  rcaulia. 
They  ara  at  least  sufficient  tu  compel  onu  to  admit  either 
that  Umi  earth  rutatcs  or  tlial  at  least  one  uf  the  fimt  two 
laws  of  motion  is  wrong. 

1S3.  Rotation  of  the  Eartli  proved  by  Foacault's  Pendnlnm 
Expeiinent  —  In  1851  a  very  ingnnious  and  convim-ing 
eijirrimriil  wan  deviated  and  earrierl  out  hy  Fouciiult.  It 
de[K-n>la  u|Hm  the  fact  lliat  a  {xuidulum  tends  to  swing  con* 
•tantly  in  the  same  plane. 

Suppose  a  pendulum  is  sospemied  on  a  pivot  at  A  (Fig. 
57)  directly  over  the  earth's  pole  P,  and  that  it  i«  started 
■winging  in  the  plane  of  the  meridian 
■•■  If  the  earth  were  stationary,  it 
would  not  only  continue  to  swing  in 
the  same  plane,  hut  atito  over  the  name 
mrridian.  Itut  since  tlie  earth  rotates, 
il  will  turn  aroimd  under  the  pendu- 
lum, and  the  [ilano  in  which  the  pen- 
dulum swings  will  apparently  nitate  in 
ll>e  opjMMite  diretitiim.  At  the  ec[uator 
there  will  he  no  nrtatioii  ;  or,  ax  we  may  say,  the  {teri'Ml  of 
rotatton  will  he  inlinite.  At  intermediate  latitudes  there  will 
!«  a  rotation  and  the  period  will  he  between  a  day  and  infin- 
ity. The  way  the  periotl  depends  npon  the  Utitude  can  not 
)h-  explained  hers,  although  it  ia  [lerfectly  well  undcntood. 
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Precaution  must  be  taken  to  avoid  external  disturbances, 
but  the  pendulum  experiment  is  not  very  difficult  to  per- 
form,  and  very  often  has  been  successfully  carried  out.  Tbe 
theory  of  the  pendulum  depends  ujjon  the  first  two  laws  of 
motion,  and  because  of  this  experiment  one  must  admit 
either  that  the  earth  rotates  or  that  at  least  one  of  the  lavs 
is  wrong. 

124.  Other  Proofs  of  the  Earth's  Rotation.  —  There  are 
many  other  more  or  less  complete  proofs  that  the  earth 
rotates,  nearly  all  of  which  dejiend  upon  the  same  laws  of 
motion.     It  will  be  sufficient  to  enumerate  them. 

(1)  The  rotation  of  the  earth  may  be  proved  by  Ha 
gyroscope  experiment,  which  was  devised  by  Foucault.  The 
gyroscope  consists  of  a 
heavy  wheel  mounted  in 
gimbals  so  that  it  ess 
turn  freely  in  any  di- 
rection. AVhen  the  wheel 
is  started  spinning  it 
keeps  the  same  plane 
while  the  earth  turns 
under  it.  The  heavy 
wheel  plays  the  same 
role  as  the  pendoloni  in 
the  pendulum  experi- 
ment. 

(2)    In   the  northern 

hemisphere      projectiles 

deviate  to  the  right  and 

^^^^    -'^        ___-_        __~'-~f^        in    the    southern    hemi- 

rel's  law), 

(3)  The  direction  of  trade  winds  and  ocean  currents. 

(4)  The  direction  of  motion  in  cyclones.  (Cyclones,  ss 
the  term  is  used  here,  are  not  tornadoes,  but  the  large  spiral 
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niotioDs  of  the  atmnKpherv  wliith  lake  plitco  around  tbe  Htorm 
cenien  oa  thny  Hwui^p  along  tbo  earth's  Hiirface. ) 

{ii}  Auiih>};y  with  the  iuiH>n.  mm,  mid  a  nmiib«'r  of  the 
pUni-lH  «'hii:li  lire  situutvd  »o  thut  tlivir  tturfaco  mitrkin^s 
(An  Iw  obiHirvod.  While  an  aoaloffy  ia  oft4.'n  vorj-  oonvincing, 
{t'rhaiM  u  R  mutter  of  lo^ic  it  should  not  be  cUfwified  as  a 
I  nwf. 

ISS.  Rotathm  of  the  Earth  proTed  by  the  Spectroscope.  — 
the  t^tectroBcojic  U  aii  iuHLrunit- nl  by  uu-iuih  uf  which  nHHnl 
TttlocituM  (i.tf.  tlie  rvUitivt)  compuiientM  of  velocity  of  tbo 
olMBmir  aud  ubjoct  ubM-Tvod  in  thu  luio  joiaint;  tliom)  can  bo 

Sui^MMc  a  star  la  risinff  in  tbe  east .  Tlien  the  surface  of  the 
e«rtli  io  the  obwrrer's  longitude  is  turning  toward  it  at  the 
rat«  of  lUOO  milw  an  hour  at  th<>  e(iuator.  but  willi  conHtanlly 
diminuhing  relodtj  as  tbe  jHiie^  are  aiiitroachtil.  Wh«n 
tbe  Ktar  b  Betting,  the  name  inrridian  in  turning  from  tbe 
star  at  Ute  nune  rate.  Suppose  tlit^  radial  vt>locitic«  are 
■neaaofcd  at  th«  tw-u  timeii.  and  that  the  corrections  are 
ai>ptied  for  the  motion  of  the  earth  around  tlte  sun.  Then 
lb«  di(ferei)c«  will  be  twice  tbe  velocity  of  tbo  observer  due 
to  ibe  earth'*  rotatioa. 

Tbn  amoaDt  Io  be  mpa»Hn?<l  in  rather  amoll  for  spectro- 
Kupio  piniMWMin,  yet  it  is  not  brjond  tho  power  of  modem 
In  mcasuritig  tb«  radial  velocities  of  tlie  stars. 
■  for  tbe  rntation  of  the  earth  are  regtilarly  applied, 
and  no  cjvtenatic  incoasisteucieti  are  introduoeil,  aa  thejr 
woold  be  if  the  earth  did  not  rotate. 

It  will  be  observed  tltat  tliis  proof  doeM  not  in  any  way 
d4rpend  apon  tbe  lawx  of  molion,  allJtough  it  does  involve 
tbe  validity  of  certain  spectroscopic  principles  which  can 
more  profitably  be  diaeuaaed  at  another  place  (Art.  327). 

It  ia  daar  from  tbe  preoeding  diaeassion  that  the  rotation 
.  of  tba  earth  ia  im  laager  open  to  qaeatioo.     That  the  earth 

tataa  ia  t»ot  only  aupportod  by  many  indiTidoally  stmng 
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and  very  certain  proofs,  but  the  fact  that  this  conclusion 
forms  a  link  in  a  chain  of  scientific  doctrine  which  has  cou- 
nections  with  nearly  every  physical  theory  establishes  it  juj 
firmly  as  any  fact  we  accept. 

126.  The  Uniformity  of  the  Earth's  Rotation.  —  It  follows 
from  the  laws  of  motion,  as  the  appropriate  mathematical 
discussion  shows,  that  if  the  rotation  of  the  earth  is  not 
influenced  by  exterior  forces,  or  by  any  change  of  form  and 
size,  it  will  forever  continue  to  turn  at  a  perfectly  uniform 
rate.  One  way  of  answ^ering  the  question  whether  the  rota- 
tion is  uniform  or  not  is  by  investigating  what  forces  there 
arci  which  can  change  the  rotation.  Another  is  by  compar- 
ing it  witli  something  w^iich  is  known  to  keep  time  perfectly. 
No  clock  can  be  made  to  run  accurately  enough  for  any  such 
tests.  The  onlv  alternative  is  to  use  the  motion  of  some 
otlier  body  as  a  standard.  But  the  motion  of  this  body 
W()\ild  conform  to  the  laws  of  motion,  and  the  question  of  its 
uniformity  would  be  the  same  as  that  of  the  rotation  of  the 
earth.  'i'licref(>rc  no  better  answer  can  be  obtained  than 
that  found  by  discussing  the  forces  which  may  change  the 
earth's  rotation. 

'i'hc  earth  is  rotating  in  the  luminiferous  ether  and  a  con- 
siderable (i^iantity  of  meteoric  matter.  The  latter,  if  not  the 
former,  ofl'crs  some  resistance  to  its  motion,  and  causes  it 
to  rotate  more  slowlv,  iiist  as  friction  of  the  air  slowly 
diminishes  the  rotation  of  a  top.  But  this  resistance  is  exceed- 
ingly slight  and  will  produce  no  measurable  results  in  thou- 
sands of  years.  Probably  this  cause  does  not  change  the 
length  of  the  day  a  second  in  1,000,000  years. 

The  sun  and  moon  generate  tides  in  the  earth  which 
move  around  it  in  the  westward  direction.  Since  the  earth 
rotates  eastward,  the  impact  of  these  waves  on  the  shores  and 
the  friction  they  encounter  in  passing  along  the  oceans  retard 
the  rotation  of  the  earth.  The  earth  is  not  perfectly  rigid 
(no  body  is),   and  there  are  body  tides  in  it,  apart  from 
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thoM  it)  tlie  w»t«r  ntiil  atmosphiTc,  wliit-It  nlao  rotard  iU 
ruUttioD.  Tlieso  tidal  effecU  are  very  minute,  especially  if 
the  earth  is  wry  clantic.  Although  it  is  not  pos&ibk'  to 
calculate  just  how  effective  they  are,  yet  it  aceiiis  Mf«  hi 
ht  that  they  will  not  fhiin{>e  the  length  of  the  day  a  seeOQtl 
to  many  thouitamU  of  yuant. 

'Ilie  earth  gnuliuilly  Iimoh  itji  interior  heat  and  this  allows 
it  to  shrink  a  little.  Earthquakes  generally  are  cauoeJ  by 
NioK!  large  maas  af  matter  settling,  and  the  roektt  fumimh 
alMindant  evidi>uc«  of  Mhriiikage  of  llie  eartli  and  wrinkling 
of  it«  itiir(a«%  layers.  If  thu  size  of  the  earth  decreaura,  its 
rotation  tocre«»eii;  for  it  fulluwit  from  the  laws  of  motion 
tiiat  the  moment  of  momentum  of  a  ImmIv.  which  i^  the  sum 
■••  the  pruducta  of  the  masses,  distances,  and  angular  veloei* 
Li-ft  iif  ita  parta,  ia  a  constant  whatever  changes  it  may  un- 
l''rg\>  aa  a  eoniiequenco  of  internal  reactiona.  The  angular 
1  -tix^itie*  of  all  parts  of  the  earth  are  the  same.  The  mnaw-a 
")'  the  different  )>nrtii  do  not  change;  tla-refore,  if  the  eaKh 
contracta.  ernry  particle  is  nearer  the  axiii  (except  those  origi- 
nally in  the  aiis),  and  the  angular  velocity  muot  increase  to 
keep  the  sum  a  constant.  It  is  not  known  just  how  fast  the 
eartli  U  i:ontrai-ting,  hut  it  certainly  contracta  alowly,  and  ac. 
cording  to  Wotxlward'ti  iuvestigutiona,  the  iutluence  of  ila 
ahrinktttg  on  the  length  of  tlie  day  does  not  umoiinl  to  »o 
much  on  a  seevnd  in  20.000,000  years. 

The  attnotiona  of  the  other  bodies  for  the  earth  do  not 
change  ita  rate  of  rotation.  It  is  something  like  the  attrac- 
tion of  llie  eartli  for  a  balance  wheel,  which  spins  as  though 
the  earth  did  not  attract  it. 

Tlius  there  are  two  known  caii»i>«  o|iemting  to  incnuae  the 
length  nf  the  day  and  i>ne  to  ahort^-n  it.  Thrir  efTcriM  nrtr 
TVTj  amalU  and  can  nut  Iw  computed  with  any  considerable 
degree  of  aceuraey.  It  is  not  certainly  known  whether  the 
ing  or  decruaaing  in  lengtlt,  but  it  ia  probably 
f  exeeedingly  alowly. 
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There  are  many  temporary  and  nearly  balancing  influences 
which  slightly  affect  the  rotation  of  the  earth.  Among 
these  may  be  mentioned  the  evaporation  of  vast  quantities  of 
water  and  its  precipitation  in  other  latitudes,  the  elevation 
and  subsidence  of  portions  of  continents,  and  the  alterations 
of  surface  produced  by  erosion.  In  fact,  anything  which 
changes  the  distance  of  any  mass  from  the  earth's  axis  affects 
the  rotation.  But  the  masses  moved  are  so  insignificant 
when  compared  to  the  whole  earth  that  the  results  of  their 
influences  are  entirely  negligible. 

127.  The  Variation  of  Latitude.  —  It  was  mentioned  in  con- 
nection with  the  discussion  of  the  condition  of  the  interior  of 
the  earth,  in  Art.  108,  that  the  earth's  axis  of  rotation  is  not 
quite  fixed.  There  is  no  particular  reason  why  it  should  not 
oscillate  around  its  axis  of  figure,  if  it  is  given  the  proper 
disturbance,  sonietliing  as  a  top  wabbles  when  it  spins.  But 
if  there  is  sufli  an  oscillation,  it  has  a  perfectly  definite 
period,  depending  u})on  tlie  size,  mass,  distribution  of  density, 
and  rigidity  of  the  eartli,  just  as  the  wabbling  of  a  top  has  a 
perfectly  definite  period.  On  the  hypothesis  that  the  earth 
rotates  as  though  it  were  a  rigid  body,  Euler  (1707—1783) 
long  ago  showed  that  the  period  of  oscillation  of  the  axis, 
if  it  oscillates,  must  be  300  days.  The  German  astronomer, 
Peters,  soiiglit  evidence  from  observations  of  an  oscillation  of 
this  period,  but  found  none. 

About  1.S84-1885  observations  of  extraordinary  precision 
by  Chandler,  at  Cambridge,  and  by  Kiistner,  at  Berlin,  gave 
unmistakable  evidence  that  tlie  latitude  does  vary  to  the 
extent  of  nearly  0.0' \  wliich  corresponds  to  a  wandering 
of  the  terrestrial  pole  in  a  curve  having  a  diameter  of  nearly 
60  feet.  Other  observers  in  various  parts  of  the  world  soon 
verified  these  results.  The  subject  has  been  deemed  of  so 
much  importance  by  astronomers  that  observatories  have 
been  established  in  various  parts  of  the  world,  as  Maryland, 
California,  the  Sandwich  Islands,  and   Japan,  by  interna" 
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It  would  have  a  motion  with  a  period  of  two-thirds  of  a 
second,  and  also  another  with  its  natural  period  of  one 
st'cond,  and  the  combined  effect  would  be  very  complicated. 
Filler  showed  that  the  natural  period  of  oscillation  of 
the  earth  around  its  axis  of  rotation,  on  the  hypotheM  thai 
it  u  riyiih  is  305  days.  He  supposed  it  would  not  make 
much  difference  if  it  were  not  rigid.  To  test  the  matter 
Newconib  assumed,  instead  of  perfect  rigidity,  that  the  earth 
lias  the  rij^idity  of  steel  and  computed  the  period  of  oscil- 
lation. He  found  the  surprising  result  that  in  admitting 
this  d<;^re(;  of  elasticity,  which  in  small  spheres  such  as 
we  are  familiar  with  seems  very  slight,  the  period  of  the 
variation  is  increased  to  441  days,  wliich  is  a  little  too  long. 
He  concluded,  therefore,  that  the  average  rigidity  of  the 
earth  as  a  whole  lies  between  perfect  rigidity  and  that  of 
sttrcl  ;  or,  that  the  earth  U  a  little  more  rigid  than  steeL  The 
sjinie  results  were  reached  independently  by  S-  S.  Hough. 
Woodward  has  shown  that  any  yielding  of  the  earth  to  the 
strains  whicli  result  when  the  axis  of  rotation  differs  from 
the  axis  of  figure  will  increase  the  period  of  oscillation. 


QUESTIONS  AND  EXPERIMENTS 

1.  Cojwrnicus  l)eliovtf«:l  in  tho  rotation  of  the  earth.  Which  of  the 
proofs  of  it.  eniiin«'rat^'<l  in  tlu;  t^xt  could  he  have  gfiven  ? 

•J.    Whiit  is  an  axiom?     Is  an  axiom  ever  wrong? 

'{.  Are  tlif  laws  of  motion  ordiiiarv  axioms,  or  direct  inferences 
from  exiMM-it'iicc? 

'I.  In  what  way  does  the  eonstruction  of  a  railway  around  a  curve 
depend  njMjn  the  laws  of  motion? 

5.  Wliat  is  a  force?  Can  you  use  your  definition  consistently  in  the 
laws  of  motion  ? 

(>.  Fill  a  ]>ail  ahout  half  full  of  wat^or,  tie  a  small  rope  to  the  bail 
twist  it  u]),  and  observe  the  bulging  effects  of  centrifugal  acoeleration 
when  it  untwists, 

7.  How  would  it  be  possible  to  determine  one's  latitude  by  the 
gyroscoiKj  experiment? 
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f  wiulrl  !■■  Itrjil  ninTiii>)!  iiiHcnnib-ly.     Sap- 
■  ann  tiiminK   in   the  jilniip  ii(   tin  TiKTtiliKii  when  it 
t  fori  (Ml  the  niUBtnr.     If  ii  (ntvrU  &loiij[  the  n|uaior,  okn  Uia 
•  tn^tclnl  lir  dntrttninnl  Iratii  tlwt  jjj  roBcojie '/ 
t.    Pror*  Fonvl'i  l>w  ot  ilrvUtioii  tit  |>roj»Rtila  Btii]  wind  And  nceon 

III.  In  pvinlcig  lb*  rotatlati  o(  lhi>  psrih  hy  mmui*  of  the  ii|i<-<4rft4cop«, 
1 1  apca— uT  to  niftkiT  corrvotion*  (or  ihn  motluii  that  thp  oWrved  lUr 
\  hava  from  or  bxranl  tli«  mrth  ?  If  Uip  ettrUr*  ttintkin  ftruuiid  the 
-.  nviv  nnUucni  aiiil  In  ■  (trslght  Un»  during  lli«  ubMirraltun^  would 
I  -■  mniij  Ui  oonecl  them  for  it  ? 

II.  Wbst  tStet  doMi  the  Ptatior»llun  of  wat«r  In  tin'  ci|UAtori«l 
w  It*"**  tmi  ito  prtciiJtjitUin  in  hl|[h<?r  lattludM  iiwvr  u[>un  tho  roUUkui 
of  iWMftliT 

Vt.   Smtnd  of  tb*  Urjiot  rivFCv  in  the  world  fluw  inuthwird  fruni 
iwMilh  litilT^—  hi  thii  nurtlii-m  hpinuplivre.  and  cmtry  ini»  Ihv  K>a  ract 
i|wnitHlri  of  ■■dimi'nt.    lA'liat  oBvct.  if  any,  don  tlii*  haw  ujniu  tba    I 
■BteUM<4tbrnu-t]i?  J 

^^B,   IkoM  It  itlianitv  th*  rotatinn  nt  lt»r  i-ailh  tu  tako  riono  from  a 
^EbjuvJ  mak*  it  into  a  high  building?    If  ■■.  liowT 

^B  TiiK  hEVOLmoN  or  TUK  BAHTlr 

^■M-    Appweot  Mottoo  of  the  Sun.  —  It  «-m  slntc il  in  ron- 
^Mion  vritli  th«  clim-umioii  nf  tlii'  I'cliplio  (Art.  24)  tluit  llie  ' 
Bb  appuvotly  movos  ciiiitwunl  aiiinii^  1I10  Htant  in  a  i;rr«fe  ] 
«rcte.     But  tlie  tnotioti  is  not  quitw  uniform,  iw  wiw  known   1 
aven  ui  euiy  mt  the  tiino  u[  llip]Min.-ttiiti.    The  sun'«  iiiiiiarrnt 
diametffr  rsrim  ■  little,  and  in  sucb  n  vmy  that  it  is  Iba 
Ifrmtntt  wWn  im  angiiUr  motion  is  the  fiutent.  and  th«  tuiutll- 
est  when  it*  angtiUr  nmlivm  tu  the  sloweHt. 

Th«  HptMivnt  niiXion  imjilieii  eith«-r  tliAt  the  Mun  ffi^tm 
BToanil  the  earth,  nr  that  thr  enrlh  gom  anniml  the  sun; 
moA  a*  far  as  men*  apjicantnL'vs  gti.  one  hy|NithtNiia  ia  quite 
•■  Httufai'Uiry  on  the  othf  r.  Fmiu  the  i-)uing«i  in  the  npjiar- 
ent  mttr  nl  thv  oun  it  follow*  eilhtr  ihul  the  Hun'x  dinni«t«r 
•rtually  chanip«.  or  that  it«  diaiaiirr  fmm  the  varth  t'lianpes. 
If  ila  diametflr  u  constant,  it  aiipean  lar^r  tht*  nwrer  it  if  < 
Ktlw  earth.  J 
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129.  Apparent  Motions  of  the  Planets.  —  When  defined  by 
their  motions,  the  [)lanets  are  the  bodies  which  travel  among 
the  stars,  generally  eastward  and  within  a  few  degrees 
of  the  sun's  apparent  path,  the  ecliptic.  They  are  divided 
into  two  classes  by  their  motions.  One  class  consists  of  those 
whicli  are  apparently  never  very  far  from  the  sun.  They  are 
Mercury  and  Venus.  The  other  class  consists  of  those  which 
may  be  anywhere  along  the  ecliptic,  wherever  the  sun  may 
be.  The  apparent  motions  of  the  two  classes  of  planets  are 
somewhat  difTerent  and  will  be  discussed  separately.  The 
bodies  of  the  iirst  class  are  called  the  inferior  planets^  and 
those  of  the  s(»cond  class  the  superior  planets. 

The  apparent  motions  of  the  inferior  planets  with  resix^ct 
to  the  sun  arc  vibrations  back  and  forth  past  it  near  the 
ecliptic,  l)\it  very  rarely  being  so  near  to  the  sun's  path 
that  they  pass  in  front  of  or  behind  it.  The  motion 
westward  is  made  more  quickly  than  that  eastward.  The 
dilYerenet^  is  rehitively  greater  in  the  case  of  Venus,  which 
has  tlie  larufrr  motion,  tlian  it  is  in  the  case  of  Mercury.  The 
motion  is  not  uniform,  but  is  fastest  when  the  planet  is  near 
tlie  sun.  It  is  verv  slow  near  the  ends  of  the  oscillations, 
and  for  a  few  days  just  at  the  ends  there  is  almost  no  appar- 
ent motion  with  resptu't  to  tlic  sun. 

With  res[)eet  to  the  stars  tlie  motion  is  also  eastward  and 
westward,  b\it  the  westward  component  is  much  smaller  than 
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Khj.  TfO.  —  Ai>|):irt'nt  Motion  of  .Mi-rrury  during  1905. 

the  eastward.  For  examj)le,  Mercury  goes  eastward  about 
12")°  and  tlu»n  westward  about  lO"*.  The  northward  and 
southward  motions  sometimes  cause  them  to  make  loops 
during  their  westward  motion. 
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It  is  t>ot  nev^maay  to  discusa  the  motiona  of  the  giiporior 
[ilsnebi  directly  with  respect  to  th«  hud.   'l*heir  uiolionit  with 
mipect  to  tbe  iitMi  »re  very  much  slower  th»n   Ihiwo  of 
the  Lnferinr  pliinrt«,  and  ihey  go  in  an  ciwtw»nl  diruction 
KraoDg   ttM  Stan   excvpt   when    thoy   ure   op]>o«it«   Ui   the 
kun,  vhvn  tb«y  movo  wextward  for  a  timv.      Those  planeU 
which   \uLXK   the  greatest   motion  enstWHrd   kIbo    have    the 

Kiuthw»rtl   motions  the  apfrarent  motionii  amniiif  the  starB 

are  oft«n  too[M  during  tJie  wcstwurd  excuraiona.                                    i 
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The  detcnninatinn  of  Ihn  artual  niotiann  of  the  planets, 
including  tbe  CMrlh.  Is  a  questinu  of  the  highest  iinpnrUnoe, 
and  ''De  whirh  has  been  aottled  only  on  the  hasiH  of  a  vast 
amitiim  uf  iiiirtfr  vat  tonal  thitit  and  after  a  long  evnlution  of 
i.I.w  ..n  thi-  »nl.jwrt.     The  vil«!  rrlationK  nf  thew  queBtionn               ' 
lo  n.tri'in.micuil  diwlrini-s  demand  ihrir  c-nrc ful  consideration. 

130.    HtotorioU.    The  Ideas  of  tbe  PTthagoreuu—Artron- 
oniy  waa  rultit-otcd  hy  the  CluUdi'ans  and   Kg>-ptians.  but 
liille  in  known  of  the  pmgreM  inailc  in  it  until  after  the 
BAute  and  imaginative  (ireeks  turmnl  tlielr  attention  to  it. 
Thftles  (aevcnth  century  B.r.)  ii«  i'nililr<l  with  having  intro- 
dnoed  the  Egyptian  aatmnomyinto  Gnwce.hut  ho  faras  known 

lowed  a  school  of  phtlosophera  known  oa  the  I'ytfaagoreana,            1 
after  its  foonder  pTthsgonui  (sixth  ceotorj  d.c.),  who  made           1 
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many  iind  important  contributions  to  the  philosophy  of  the 
sci(MU'e,  but  very  few  to  its  data. 

l*ytha<:]f()ras  believed  that  the  earth  is  round,  but  that  it 
is  immovable  and  at  tlie  center  of  the  universe.  He  sup- 
posed the  stars,  moon,  sun,  and  planets  move  around  the 
earth  on  crvstaliine  spheres.  One  of  his  followers,  Philolaiu> 
(fifth  centiirv  n.c  ),  ascribed  to  the  earth  a  motion  of  rota- 
tion and  a  revolution  around  a  central  fire.  The  sun  was 
snppose<l  to  rcllect  lii>;ht  from  this  central  fire.  The  theory 
was  altoLTctlu'r  fanciful  and  in  accord  neither  with  anv  obser- 
vat  ions  nor  with  what  would  now  be  called  common  sense. 

Tin*  u^HMi  contribution  of  the  Pythagoreans  came  from  the 
viTv  weakness  of  their  method.  Hy  giving  free  scope  to  the 
imat^nnation  without  bein<jf  hampered  too  much  by  known 
plienonieiia,  tliev  introduced  ideas  which  have  been  the  mofJt 
iniportain  stimuli  in  tin?  investigations  which  have  led  to  the 
truth.  It  was  a  bold  thin^  for  them  to  advance  the  theorv 
that  the  t'arih  is  a  sphere  resting  on  nothing,  and  that  it 
moves.  Such  ideas  eoiild  be  originated  only  by  men  having 
kern  imji^iiiatioiis  and  the  a])ility  for  abstract  rejisoning. 
These  edheeptioiis  seem  simple  to  US  only  because  we  have 
hei-ii   iiiiiLilit   iliein   from  earliest  (diildhood. 

131.  Eudoxus.  Aristotle,  Aristarchus.  —  After  the  Pythago- 
reaii  sehonl,  (ireck  asi I'uiMnn v  became  less  purely  speculative 
and  more  seirniilie.  l^udoxus  (401^-300  B.C.)  was  the  first 
a>trononier  of  iiott^  in  this  transititm  period,  and  the  new 
sj>irit  h;i(l  heecniie  fhnninant  in  the  work  of  Aristarchus  (310- 
l'oO  li.c.  ).  This  revolution  of  method  was  one  of  the  great 
eont  ril>ulions  nf  the  (ireeks  to  seientilie  inquiry. 

i'jidoxns  ti'ied  to  const r\iet  a  theorv  of  celestial  motions 
out  of  uniform  eireular  motions  which  should  agree  with 
observati<His.  The  details  of  his  scheme  will  be  omitted,  for 
they  gradually  evolved  into  the  great  work  of  Ptoleni}',  to  be 
discussed  presently.  Aristotle  believed  in  tlie  sphericity  of 
the  earth,  but  that  it  did  not  move.     He  advanced  the  very 
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coDcltuive  «rf;umeiil  ugainHt  \Ut  revolution  that  there  arc  no 
■ppauvnt  dUpliu'oiuvntjt  of  the  Ktam  hs  should  result  from  it. 
I  Ic  ducoMetl  the  cauwja  of  the  iihiutvH  of  the  moon  and  sev- 
.  r.it  other  pbeiiomenn  with  gn'al  ktfiiiicM. 

ArudftTchuA  wa«  one  of  the  tirat  futronutocrs  of  the  cvle- 
l>rst«d  avhool  founded  at  Alexandria  by  Alexaixler  the 
Grvat.  lie  in  the  tintt  astronomer  who  worked  out  on  iwi- 
t-ntific  Itnw  the  fact  that  the  apparent  motions  of  the  Htars 
&im1  mo  roald  bo  oxplainud  hy  supjxwinj?  tliat  the  earth 
rootles  and  revolvcH.  Htt  ovrrcanu'  tlit'  oliji-otion  of  Aria- 
totlif  by  Bup[Kwing  that  th<-  6xi<d  Hlara  nru  indefinitely  rcraoto. 

m.  ApoUonins,  Hlpparchus.  Ptolemy.  —  The  Alexandrian 
•cboul  waa  faiuuiut  for  the  development  of  mnthematica  aa 
well  aa  of  aatronomy.  It  wim  in  it,  about  StH)  n.(?.,  that  Ku> 
ctid  dereloped  tli«  aciencu  of  gmtnietry.  Nothing  waa  mora 
nstaral  than  that  tlie  astronomy  of  thia  achmil  should  become 
IcM  pb^mical  and  more  raathematicul.  Kudoxus  and  his  fol- 
luwen  ffuppowd  that  the  atarti,  moon,  aun,  and  planeta  were 
■vt  in  mtaling  crystalline  apherca.  ApolloniUH  (latter  jwirt 
uf  thini  cvntury  B.i:.),  a  famotu  matliematician,  siarUnl  a  new 
en  by  pnvjxmnf;  Iti  consider  the  motiona  of  the  lituiMjnly 
bodiea  aa  bvin^  pun-ly  |^-ometrical.  inatvad  of  trying  to  vx- 
plmin  them  by  introilucing  all  aorta  of  physical  devinra.  In 
thia  way  the  pmbleui  became  atripjied  of  much  of  the  dead 
material  which  had  previously  cumbered  it,  but  it  di>eM  not 
appear  thai  ApoIUmiua  ntaite  any  grait  pmgreaa  in  applying; 
hia  ideaa. 

Ilipparrhu»<  180-1 10  n.t\)  is  unirenatly  coooedwl  to  have 
be«D  the  j^rvateat  aalmnuincr  of  antiquity.  Almost  all  we 
koow  of  hia  work  ia  throaifh  that  of  hia  disciple  and  admirer, 
Ploleny,  who  lived  nearly  three  centuries  later.  Hia  main 
Unea  of  activity  lay  in  four  ilirection*.  (1)  Ilv  derelopecl 
triganomelrT.  witbnut  which  pntciae  aatronomical  caloula- 
lioo*  can  not  be  made.  (2)  He  made  s  mori!  exteiuire  and 
9  mrvm  of  ohwrvutiona  than  any  other  oatroau- 
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mer  until  the  time  of  tlie  Arab,  Albategnius  (850-929  a.d.). 
(3)  He  systematically  and  critically  compared  his  observa- 
tions with  earlier  ones  in  order  to  discover  any  changes  tliat 
might  have  taken  place.  (4)  He  employed  a  geometric 
scheme  of  eccentrics  and  epicycles  to  represent  the  motions 
of  the  heavenly  bodies. 

Ptolemy  (100-170  a.d.)  was  the  first  astronomer  of  note 
after  llipparchus  and  the  last  great  astronomer  of  the  Alex- 
andrian period.  From  his  time  till  that  of  Copernicus  not  a 
single  important  advance  was  made  in  the  science  of  astron- 
omy. From  Pythagoras  to  Ptolemy  was  700  years,  from 
Ptolemy  to  Copernicus  1400,  and  from  Copernicus  to  the 
present  time  400  years.  Ptolemy's  was  the  crowning  work 
of  the  fust  i)eri()d,  and  that  of  Copernicus  the  first  of  the 
new;  or,  perliaps  better,  that  uniting  the  old  with  the  new, 
whicli  may  be  considered  to  have  begun  with  Kepler  (1571- 
lllHO).  Tlie  work  of  Ptolemy  is  preserved  in  th^  Almagest 
(The  Grrateyf  Co  i/i  posit  Ion).  Only  those  parts  of  its  thir- 
teen hooks  which  refer  to  the  explanation  of  the  motions  of 
tlie  moon,  sun,  and  phinets  will  be  mentioned  here. 

133.  The  Ptolemaic  Theory.  —  Ptolemy  supposed  that  the 
earth  is  ii  tixcd  sphere  situated  at  the  center  of  the  universe. 
He  s\ip[)osed  that  the  sun  and  moon  move  around  the  earth 
in  circles,  but  that  the  earth  is  not  exactly  at  their  centers. 
Thus,  suppose  (,\  FiLjf.  &2,  represents  the  circle  described  by 

tin.'  inoou  or  s\in.     The   earth  J?  is  at  a  little 

distance  from  the  center,  the  amount  being  de- 

\  terniined  by  the  observations.     Such  motion  is 

,'  called  i-crmtrir  motion.     Hipparchus  explained 

/   the  motions  of  the  sun  and  moon  by  supposing 

they    move  in   eccentrics   with  uniform  speed. 

Ptolemy  improved  the  theory  by  supposing  that 
tlie  angular  motion  is  uniform  with  respect  to  .P,  a  point 
symmetrically  op})osite  to  I]  with  respect  to  0.  It  can  be 
shown  mathematically  that  the  motion  can  be  much  more  ac- 
curately represented  in  this  way  than  by  a  simple  eccentric. 


Fig.  02. 
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The  greatest  onnlribution  of  Ptolemy  wub  the  tJirory  of 
ttiv    raoliotis  of  thfl  planets.     The  motions  of  the  inrorior 
pLaneto  wm  cxplaiii)<<l  br  supposiii};  thut  they  ivvolre  uni> 
'        B  alwRyH  in 
Fig.  63,  A" 


f»rmly  in  small  rirclcut  around  contDrs  which  i 
Thua.  i 


-^ 


tltv  line  joining  the  earth  ami 

rcprcwenU  tiw  earth,  suppotted  to 

be    Kxttd,  S  the   »iin,   which  was 

rappoaed  to  tr«Tel  along  il«  circlo 

in    thr   manner   Jescribed   above, 

and   0    a  point    un    the  line  bo> 

twtwu  the  earth  and  the  sun.  aod  »m-™- 

at  tb«  center  of  the  tin-le  V  around  which  thu  planet  was 

mppoanl  to  more  uniformly.     The  circle  C  was  Hiiji|H)»ed  to 

bealifrfatly  invliiied  to  tlie  plane  of  the  huii's  luntion.     The 

point  0.  th«  sUe  of  (.',  tlie  iurlinaUon  of  C\  oikI    tlie   rate 

of  notion  atooff  C  were  selectetl  no  tliat  the  apiuirent  motions 

of  the  inferior  planets  were  vory  satisfactorily  repreiienled. 

The  motions  of  the  superior  planets  were  explaineil  by 
mp|H)«int;  tluit  they  revolve  uniformly  in  small  cin'lot  whose 
oeolen  travel  uniformly  in  large  circles  around  the  earth. 
The  large  circle*  wer«  suppo«etl  not  to  lie  exactly  in  the 
l>IaQe  of  the  sun's  motion,  and  the  plane  of  the  small  circle 
WBJ)  aupposed  to  bo  approprialely  inclined  to  that  of  the  large 

ts  circle.     The  amoll  cinrle  wiui  calleil 
Y  an  ejiieprie,  and  the  large  circle  a 
t_a     J        TImw,  in  Fi(t.  64.  E  is  tlie  fixed 
\\/    earth,  /» the  deferent,  and  C  the  epi- 
j^      cycle,  whoso  center  0  moves  along 
'  J}.     Ily  choosing  C  of  the  proper 
site,  and  the  proper  ruli«  of  motion 
■long  DmxiA  C,  the  apimrcut  motion*  of  the  superior  planets 
w«n  very  satisfactorily  fvprc«cnted. 

IM.   Copeniku. — After   I'lolemy  astnioomy   was   culU' 
IIchI  only  bt  the  Arabs  until  about  the  fifteenth  centurYt 
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136.  Galileo.  —  llelwpen  T>rli()  Llnitiv  nii<l  N«wtun  0^^ 
172*  Ulienr  wrrt-  two(ircat  itKt ronuinurs,  (talileo  (1564-1642) 
anJ  Ko{)Ur  (1571-163(1),  wliu.  tn  a  remarkalilo  extvnU  but 
ill  ijuiU!  liiffen-nt  dirvctiona,  led  to  the  complete  overtlirnw 
"f  ilir  l't'>lfniaic  Rynteiu  and  [)re[>ared  the  way  for  the  /*riH- 
rifia.  <iali)e<i  was  (lie  lintt  diHtiiiguished  Itnlinri  aBtronouier, 
Ilc-|N:rfunnir<l  two  Borvici:^  of  jifr«at  importAnec  for  lutrunotnv. 
Tht!  6nt  wiui  bis  vigoruiu  and  iinatiHwernblQ  defense  of  the 
(  opemicao  BVatem  (though  he  did  not  rigorouHly  prove  its 

TrectneM),  which  waa  much  aided  by  his  diltcoverit-H  with 
h.-  t«le«>co)>e.  Hia  (jreat  work,  Oialogv*  on  (Ac  TVo  Chit/ 
Siftmu  of  ikr  Wurld,  lh«  I'tuluniaic  uiul  Coiwrnican,  pub- 
lislwd  ia  1632,  va»  written  in  a  mtMt  infrvnioiiH  fashion.  It 
repnaentvd  a  dianiMion  bvtweiin  n  follower  nt  the  I'tolpmaia 
•ysUiD  and  onit  uf  tlic  Cojierniciio  syHtem.  in  the  presence  of 
■  iiFUtral  third  (wrtion,  Siiuplieio.  At  every  prnnt  the  t'o[ter> 
nican  won,  and  Siinplicio  was  cou|)e]led  to  ngrtw  that  he  wai* 
right.  In  this  way  llw  n'laltve  raerils  of  the  rival  doctrines 
were  brought  into  sharp  vontrast  in  a  way  that  every  one 
eoald  appreciate. 

(Hlilflo'a  other  contnbiition  to  astronomy  did  not  attract 
ao  mncb  of  popular  interest,  but  it  was  eqiMlly  imjiortant. 
ll«  iBAio  the  first  aerious  start  in  experimental  dynamics, 
•od  dbcftrem)  aurb  fnctn  a»  ttuit  the  time  of  owillation  of  a 
]>*-iMlnlaii]  is  independent  (nearly)  of  the  nnr  through  which 
it  swings,  that  Iiodifa  of  all  wvigbta  full  a  ^vvn  distance  in 
I  lif  aaiue  tiu)<%  and  that  the  lirst  law  of  motion  describe  how 
iHidini  move  wlten  they  are  not  acted  upon  by  any  forcps. 
llo  p«t  into  ootulaiit  pranice  ihiise  princijiles  of  acicutific 
iiivrstigntion  which  vrvtv  only  advocated  by  his  great  Knglish 
lontcmpomry.  Francis  liacon  (1o»M-l6'2'), 

137.  Kepler.— Kepler  {1571-1630)  is  one  of  the  most 
itiif  rv«ting  charactcm  in  the  whole  history  of  ftcience.  tlis 
Moat  ootoworlhy  menial  chanvcteriatics  were  hts  mysticinn, 

I  QQWiuyiitg  industry  in  the  face  of  many  troubles  utd 
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rompuUtion,  w«re  publiHlitHl  in  ItiOi*  in  a  book  nf  contiider- 
ablc  dinioiwioiiH.  In  tliiit  work,  with  childlike  candor, 
Kepler  explained  how  he  hiul  tiiken  up  hypntheitift  aftar 
livpotbeaiN  with  boi>o  and  enthuBiastn,  and  how  his  coinpula* 
tioiM.  which  were  given  in  canfiidentbld  dvtail,  had  compelled 
bim  lo  abttndon  ihvin,  «p])anmtly  without  regret.  There  is 
Dm  •>tbiT  uxaniple  in  which  a  discoverer  has  exposed  with 
«m|ua1  frvvilom  both  bin  succtwtcs  and  Iiis  failureo. 

In  IttlH  Kepler  diKuvered  a  third  law,  i^Ued  the  harmonic 
latt,  wbii'h  relattfH  the  diiitances  and  periods  of  the  planets. 
It  is  that  the  Mjitarvy  of  th«  periotlg  of  uny  two  planets  ore 
to  each  other  as  the  cubes  of  their  n^Hpcctive  im-an  distances 
from  the  sun. 

131.  Kepl«r's  Laws  of  tfae  Planetary  MotJoos.  —  The  really 
valuable  reaalls  obLkim'd  by  KfpU-r  are  contained  in  his 
fitUowing  three  laws  of  planctAry  motions :  — 

Law  I.  Tk*  orhit  offvtry  planrt  u  an  rllipie  vith  the  ayn 
mt  o»t  of  if»f<>n. 

I.AW'  II.  Krtrg  pla»*t  mori't  to  that  the  ra^i\t$  from  th« 
mum  tv  it  nrrfff  tivrr  tiptat  arrtu  im  equal  interval*  ^  timt, 
mhattvrr  thtir  Irn^h. 

Law  III.  The  Mjuarf  tff  th*  ptriodt  vf  mjr  tw«  plaiutt 
art  ta  eaek  utker  lU  thr  eukta  of  tkrir  retptrtin  iMOn  rfutauvs 
Jr^m  ih*  «im. 

One  thing  mtiit  be  pointed  out  which  is  generally  ovot- 
looked.  and  that  U  that  Kepler*s  work  was  entirely  devoted 
to  the  explanation  of  n-lative  motion.  His  theory  would 
linve  satialied  oluierval ions  in  preeiwly  the  aame  wuv  if  he 
lioil  snpiH-Med  tliat  ibe  earth  is  stationary,  llwt  the  sun 
rrvolvm  aniand  it  in  an  vlli[tse,  and  that  all  the  other  planets 
n-rolvr  around  the  sun  in  ellipses.  The  sliape  of  the  orbit 
depeods  aunply  upon  the  distaOL-es  and  direcUoas  nf  the  sun 
and  autb  fitm  each  other,  whiiJiever  ia  regarded  as  fixed. 
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QUESTIONS 

1.  Siiow  by  a  diagram  that  the  a])parent  motion  of  the  sun  is  satisfied 
as  well  by  the  hy]H)th(>sis  that  the  earth  goes  around  the  sun  as  that  the 
sun  ^<)(\s  ar(»un<l  the  earth. 

2.  Knumerate  the  steps  in  the  evohition  of  the  Greek  astronomy. 
Which  reijuired  the  j^reatest  imaginative  jiowers?  Which  the  greatest 
niatheniatieal  iK)\vers?  Which  agrees  most  nearly  with  our  ideas  of  the 
scientific  method? 

').  Show  by  (liaj^ranis  that  the  scheme  of  eccentrics  of  Ilipparchusaiid 
Ptolemy  will  j^ive  results  in  general  agreement  with  the  motion  of  the 
sun  as  described  in  Art.  TJ.S. 

\.  Show  by  diagrams  that  Ptolemy's  scheme  of  epicycles  f<>r  th** 
inferior  ])lanets  will  give  results  in  general  agreement  with  their  motions 
an  d<'scrib(Ml  in  Art.  \'2U. 

.').    Show  tin*  <'orres|M»nding  thing  for  the  superior  planets 

I).  On  lhes<*  plans  docs  it  make  anv  difference  how  far  awavthe 
j)lanets  are  supposed  to  be,  provided  their  orbits  are  on  the  same  relative 
s<*al<'  ? 

7.  Tnder  the  ('o])ernican  tlieory  that  the  planets  all  revolve  around 
the  >iin  in  circles,  can  tin*  gen«'ral  ])henomena  of  their  motions  be  repre- 
sented NNitliout  u^ing  (']»icy<'les?  Discu.ss  the  question  in  detail  widi 
diagrams  for  lM)tli  inft-rior  and  snjMM-ior  planets. 

s.    Was  Tycho  I5rah«*'s  scientific  objection  to  the  Copernican  theory 

l(>;4ir;illy  vallil? 

!».  Prove  from  the  laws  of  motion  that  bodies  of  all  weights  will  fall 
the  ^ame  distance  in  ihe  same  time. 

10.  \\'iiat  is  an  ellips*'? 

1 1.  Simw  that  all  aj -parent  motions  are  sjiti.sfied  by  supposing  the  siin 
nioN's  around  the  earth  in  an  ellips4*,  and  tliat  the  other  planets  revolve 
around  tli»*  >un  in  elli}«es.  as  w«dl  as  by  Ki'pler's  theory. 

IJ.  In  what  re^jtects  would  such  a  theory  .s<»em  less  reasonable  thaa 
t  liat  «»f   KeplrrV 

139.  Revolution  of  the  Earth  proved  by  the  Laws  of 
Motion.  —  It  Clin  Ix*  .shown  l)v  nicasiircnients,  which  can  not  be 
explained  at  pres(Mil,  that  the  volume  of  the  sun  is  more  than 
a  nullion  times  that  (d'  tlie  earth.  It  is  apparent  at  once 
that,  unless  the  snn  is  ineoneeivahly  rare,  its  mass  is  vastly 
greater  than  the  earth's.     AeiMjrdiny  to  the  laws  of  motion. 


TlIK  XOTIOXS  OF  TIIK  KARTlt 

wbl4:li  can  be  vcrilted  by  lAborator;  ex;wnn)fnbt,  two  bodies  J 
whirb  KTC  bittb  frm  In  n)ov«,  rovnlvi^  nroiiml  thuir  cotmmra 
eratcr  •>(  ||rnivitr.  Th^rvfurv  if  tla-  furth  and  the  sun  move 
in  M)conlai>ri9  willi  ttiosu  laws,  tbt^y  will  nsvolvo  Around  tbcir 
center  of  j^vity,  wbiub  is  a  point  vt-ry  near  tbc  center  of 
the  wn. 

Newton  mail*!  the  asniiinptiim  tbat  tbe  Uwm  of  motion  an  J 
Dftiverwlly  trud,  be  derived  tliu  Inw  nf  gravitation,  and  I 
ha  abowed  tbat  «v«ry  motion  of  tbe  wbok  xrMtVRi  could  \ 
be  rouaiatetiUy  explained.  Heni-c  it  futluws  ibat  tbo  eartb  , 
novea  or  tbat  at  Iciiat  tsoini;  onu  of  tbv  laws  of  motioo  . 
i«  wrong.  Tlie  Newtonian  tbwtry  correlatt'd  sucb  a  vaat  i 
body  of  phenomena  that  it  woa  universally  at^'cept^d  long 
before  tliere  were  any  conclusive  independent  pr<K>f!t  of  tlie  ' 
moliod  of  the  earth. 

140-  RcTolntion  of  tbe  Earth  proved  by  the  Aberration  of 
Licfat.  -.\ft<;r  tlie  dfv«'l.ipnii-iu  i>f  iIj<-  CoiKTuiiun  tht-iiry, 
■*tn>nMnHrrs,  be(;inning  witli  Tycbo  Bmbii,  niado  iMintiniial 
attptnptJi  to  deti^ct  an  nnniiid  apftarvnt  displaceuttnt  of  tbe 
stam  dur  to  tbff  niolinn  of  tliv  rartb.  In  172-5  James  Uradley, 
later  third  AatrunomtT  Koyal  of  England,  t<jok  up  tba 
ptublcm.  He  failed  to  find  the  (juantity  Him^ht.  but  bis 
otaerTatiotta  showed  another  annual  moiiiiu  wbiMf  etptaMa* 
tion  be  diacovere«l  in  172)i.  This  pbenouieuon  iit  kituwu  ■ 
the  oArrmfiAM  (^  tight. 

In  V\^.  M,  let  viA  lie 
tbe  direriion  of  tbe  t^rtba 
tmitioii.  and  *i)]iiio«i-,  for 
ainiplicity,  tliat  tbe  li^bt 
from  tbe  star,  n.-prvs«ntttd 

foil  liiK-»,  strikes  it  per-  Fio- «. 

I'lii-uUrly.     Tbe  velocity  of  ligbt  is  very  ^ti>»\.  but  not 

timtei  conaequently  it  aeenia  to  come  to  the  obaenrer  slant* 
ingly,  u  reprcaeDted  by  tbe  broken  tinea,  llie  rmoon  is 
newly  Um  wtan  aa  that  wbicb  cnusca  rain  falling  vartkallj 
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to  appear  to  descend  obliquely  when  one  rides  through  it. 
The  displacement  of  aberration  is  in  the  direction  in  which 
the  observer  is  going,  and  depends  both  upon  his  own  veloc- 
ity and  that  of  light.  It  is  said  that  the  true  explanation 
was  suggested  to  Bradley  by  his  observing,  while  sailing  on 
the  Thames,  the  changes  in  the  direction  of  the  wind  vane 
as  the  direction  of  the  boat  was  changed.  The  sailors 
informed  him  that  the  direction  of  the  vane  depended  upon 
the  motion  of  the  boat  as  well  as  upon  the  direction  of  the 
wind. 

The  most  recent  and  best  observations  show  that  the 
aberrational  constant  is  20.47",  with  a  possible  error  of 
0.01"  or  0.02".  This  is  the  value  of  the  angular  displace- 
ment of  a  star  when  its  light  comes  perpendicularly  to  the 
direction  of  llie  earth's  motion.  A  star  at  the  pole  of  the 
eeliptic  apparently  deseribes  a  circle  with  this  radius ;  a  star 
on  the  eeliptie  is  displaced  in  a  straight  line  by  this  amoinit 
eaeh  side  of  its  mean  position ;  a  star  between  the  ecliptic 
and  its  j)ole  deserii)es  an  ellipse  whose  length  is  twice  the 
abernilioiial  eonslant.  The  velocity  of  light  can  be  mea§- 
unnl  in  many  wavs,  and  it  turns  out  that  the  aberrational 
constant  is  just  what  it  should  l)e  on  the  theory  that  the 
earth  moves  around  the  sun. 

(.'onsejiuently  it  must  be  admitted  either  that  the  earth 
revolves  arouncl  the  sun,  or  that  every  star,  irrespective  of 
its  (listanee,  has  sui'h  an  aetual  motion  that  its  apparent 
motion  is  the  same  as  it  would  be  if  the  earth  moved,  and 
besides,  that  the  theorv  of  aberration  is  wrong. 

The  rotation  of  the  earth  also  produces  a  very  slight  aber- 
ration, aniountinjj:  to  i).'M"  at  the  earth's  equator.  Tliis 
may  l>e  I'onsidered  as  beini^  an  independent  proof  of  the 
earth's  rotation. 

141.  The  Relation  of  the  Aberrational  Constant  to  the  Ve- 
locity of  Light  and  the  Velocity  of  the  Earth.  —  Let  the  line 
V<,  Fig.  t)7,  represent  the  velocity  of  light,  and  v  the  velocity 


Tng  itoTioss  or  thk  kabtu 

of  the  euth.     Tlifn  the  «0|;le  a  m  tlic  angle  of  i 
Froa  tbe  triai]|;lv  it  follows  that 

a" -206.265^. 

If  tbe  MUtb  tnovos  «roun(l  the  nun,  it  follows  from 
{!■  aiM  and  the  length  of  the  yenr,  that  itA  average 
velocity  most  be  about  IM.n  niileii  \it:t  »ecutiil,  n 
pbyaical  expetiinenta  Kituw  that  the  veliioity  of  li^ht  J^ 
■   llKt.880  mile*  per  second.      Hencv   the    furniiiln  no.  «T, 
■iVM 

a"  =.  20.47". 

The  agrMtnent  of  this  resalt  with  that  fouiul  by  obserra- 
liiin  proves  coDclasively  the  revolution  of  tbe  earth  around 
tbe  sun. 

T\tt  nlatiiiQ  may  Im  iiseJ  is  qaile  n  differvnt  way.  The 
(iniblcm  of  measuring  the  dtstancv  to  the  huu,  ufxin  which 
tbe  tbe«ir«tii!a]  velocity  of  the  earth  i]e|>euilit,  Ik  one  present- 
ing  many  prantii-al  difficulties  of  a  funuiiUble  ehnractt^r. 
As  a  utatter  of  fact  a"  and  f  can  be  measnretl  at  least  as 
aorunuvly  as  v.  <.'o»iie(]uentIy,  by  IntusfKisin^  T  and  tbe 
nwnenral  factor,  the  vuluo  of  r  can  be  found,  nud  from  it 
the  distance  to  iho  f>un. 

14t.  RcTOlntlOD  of  the  Earth  prored  by  tbe  Parallax  of  tbe 
8t>n.  —  U  an  ul>jeci  which  la  not  indeliuilety  remote  is  virwird 
tram  two  pmnta  whirh  are  not  on  a  line  pnmini;  thntuKb 
it,  ita  apparent  direction  frvm  tbe  two  plocus  is  different. 
This  difference  in  diretrlion  with  reMpvcl  to  a  speciSed  dis- 
taac«a|Art  of  the  points  of  olMvr%-nlion  is  cnlli-d  the /Nira/far. 
Tbe  differeooe  in  directiim  of  a  star  as  seen  from  two  pUoe« 
oo  tbe  earth's  urbit,  seiMruted  by  the  distance  fmm  tlte  eanl> 
to  tbe  sun,  ia  the  pandhii  of  the  star.  Or,  in  otlier  words, 
il  in  ibe  angle  aubtended  by  the  nuliiu  of  the  earth's  orbit  at 
^M  distance  of  the  star. 
^Hlotwithataiiding  a  great  many  attempts  to  find  paralbtxee 
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I.  '.'rK\\'\<v  i't  iheir  inconceivaMy 
!-.  I'*-"  a:i.i  1^4»».  It  should  k- 
::  r^  i.ii  :iiisu-il  srveral  kwvYw: 
.r'.  ...1  i  >::-.  ort-<U-il  ill  tho  (lUt-st, 
i:>  ki.'wn  wli.-sc  parallaxes  ar-. 
.:::  :  T'<vH»>  lo  iiieasurc  tliciii. 
'.,:■.:  :':.'.•  earth  revnlves  around 
■'.  -  >:::.t'.*.  aiCiial  iiioiions  whirl. 
:  :;.  :i'ns  as  ihev  wmihl  haw  if 
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141.    Tho  Shape  of  the  Earths  Orbit.  —  Kepler  found  thiii 
■■:'•::    ••:    M..!^    :>  ..-.  ..  .   --.  .\[  ::■•  supposed    that  all 

"!"!';i»i   .t'v     '■;"    I't     ««;:•.;•.    v '■..-.i .i.-ier.      It    can   K* 


o:  :he  Edrth  proved  by  the  Spectroscope.— 
.-.  ;  :'...  >-.ir..  its  radial  vi-hu-itv  will 

■r 

■  :       ;    '-■.  '■:  the  relifiiie  varies  dur- 

•  ■.      i.^i'li-r  a  star  in  the  plancM-: 

:•.'..     vrar  the  t-arth  is  moviii;' 

-.•..•.   ^  :• -.  i-din*'  from  it  at  nearlv 

•  i:irs  at  the  two  epoehs  iirt- 

.  :...v  will  tlitYer  bv  twice  llic 

.  •  .  :   :"  ■■  star  has  a  radial  veloeiiv 


-•.  iMrtieularlv  in  the  h< 

•  : i.e  nii'tioii  of  the  eariij. 

:::i:M»rtaui  reasons,  wliiiii 

.  r.      They  do  not  depeii'l 

.i:.i'laxes  of  the  stars,  bn: 

.    v'-.iuse,  like  it,  thev  dc- 

ft' 

1  .'t  li«^ht  waves. 
V  is  nu»re  lirnilv  eslab- 

-  ..v.'uud  the  sun.  and  ii 
:    :  ■...iiii'Ut  acquisitions  of 


«■;  :.(• 


•\<«i  \r!\  snnpi\   i.tr  liie  imii!.  1-v  •.-b-^'-.-x  ing  the  ajipareiit 


TUB  MOTIO.ys  of  THE  EAIITII 


173 


an^lar  moUnii  of  the  nun  from  dnr  to  day  luid  it«  appMrent 
witfulor  diamvter.  Since  tiw  apjuniiit  iliftinfler  i>f  a  buily 
varifM  iuveracly  Ha  it«  dUUtncc,  llic  orbit  itiity  tw  plottvd  U} 
*oy  dcftirtKl  ncnlc  by  first  laying  down  bnua  nuikiii|;  utiffltrs 
with  rmcit  prccedinj;  ddv  equal  to  the  corrt-epondiiig  anguUr 
ni'itiun  of  the  sun.  and  Ibvn  laying  <iff  on  these  lines  distances 
nliich  are  invGnvly  pro[K>rli<inBl  to  the  apjuirent  diameter  of 
ihr  Mun.  Tbi«  cimid  not  have  l>een  <)one  with  siinicieiil  ac- 
ciinwy  («i  pnive  aiiytlting  U-fore  tcIw*coj>«»  I'ainD  into  iu<c. 
It  tniiat  bo  undcnitood  that  thu  mi'lho<l  is  not  now  of  any 
{■•rticidar  importanctr.  It  simply  ilhiatratos  the  principloa 
involved. 

The  earth's  cirbit  Lh  very  nt-nrly  round,  the  eoeentricity 
mg  only  O.OltiTT.  Half  ihi-  leugUi  of  ita  major  axis  is 
'.:.<KH),(HKI  milt^  and  is  cnllnl  the 
MM>iii  JitlaH'v  uf  Out  earth  from 
lliv  sua.  but  it  is  nut  the  avomge 
distance.  The  arerage  dbtance 
(lepvnda  a)>on  the  eccentricity,  and 
is  always  a  Utllo  grvalnr  than  the 
lomn  diat«nce. 

Since  the  ncci^Dtrioity  e  =a  iW-i- 
"t  it  fiill'iWB  that  CS=  I.rtt;u.llOO  ""■  "■ 

The  point  A  is  calliNl  the  prrihtlioH  (Greek  for 
ftanmnd  the  Nuii'')4aml  B  Uie  apk/Uon  (^t^rvfk  for  "away 
I  the  sun  ">.  WlM-n  Ihe  earth  is  at  porihelioD  it  is 
■  than  S.<KM),)>00  nillm  ni-aror  the  sun  than  it  is  when  it 
kal  BptH-hon.  The  eccfntricity  of  the  olUiwe  shown  in  the 
UTv  is  greatly  f  xaggeran-d, 
lis.  Tbe  Obliquity  of  the  Edlpdc-  — The  angle  betwnn 
the  plane  id  llie  e<fual»r  and  the  plane  uf  the  iwliptii-  is 
rslliHl  lliv  Miipiitif  nf  ihti  trtiptie.  The  ndotftial  equator  is 
defiupil  by  its  ta-ing  M*  from  the  cvleatial  iwile,  and  the 
ecliptic  is  ilelinL-d  by  the  ap^NUvut  |iath  of  the  sun.  Suppuas 
llui  daoUnatiun  of  the  suu  is  ob«ervvd  daily.     It«  gneateat 
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dro'.:::  iti'-n  n-.-rti.  vr  ^.-uti..  wLioh  it  hiis  when  it  Ls  90°  from 
riir  •r'['i;ii".\--^.  1^  ti;'.-  '<!./. i' I uity  of  the  ^-clipiic. 

TiJis,  :i.  F:^'.  »'.'.».  ::.••  ar«;  ES.  or  HX  iiie;isures  the  ansrle 
bn:twc»:ii  ti.e  twj  ilji^rr-i  wL^rii  £*  ainl  -V  are  l»0'  from  iht- 

\rrriiil  trquiiinx,  T. 

Enitosthtriies  was  one  of  the  fir.<i 

tt'»  iittt-nij't  to  measure  the  obli^uiiy 

of  th*.-  f»;li[»tie,  and.  he  obtained  \\\rt 

\\\^\*:  -:'»'  ."►!'.    M odern  obser val ions 

L.iVf  s!n.»\vn  iluit  it  is  abnut  2o®  iT'. 

146.   Precession  of  the  Equinoxes. 

—  Til'-  {-rLMessiuii  of  tlie  equinoxt'S 

is  ;i  jl.t.-immfnou    depending  upuii 

li.e  t  Mitii's  rotation,  but  it  is  more 

>^''i  ;it  tl'.i'i  j'LiL-e  because  of  its  eoniiec- 

-  !.   \v  i::.'l«-r  n.ii^ideration. 

:ii:  .i:»'l  Lis  observations  of  some  of 
.1  i.ad  betr-ii  UKide  more  than  a  oeii- 
.:-  11 : II I  riniocliaris,  he  found  that 
!.  i:i_:'  'i.  but  tliat  their  declinations 
:  i  \\\<  as  meaning  that  the  posi- 
i  '  i.;.!iLr"tl.  and  from  a  discussion  of 
.  ::  j::.«!is  and  right  ascensions  aiiJ 
::;!*'  ii'd  thai  the  obliquity  of  the 
.V  -  t.i.^iiuit,  while  there  is  a  pre- 
:: '!i.  if  ilu-  tMiuinoxes  along  the 
.1  \  -  .r  .  This  t-aii  easily  be  seen  from 
V\'Z'  T'».  Lri  *V  be  the  position  of  a 
s:.ii.  Ey  \\\y:  position  of  the  equator 
.1?  ■::•  iii>t  ipiK-h,  and  E^  its  posi- 
ti-'i!  \\\  a  laUT  I'poch.  The  longi- 
tihit'  ;i!i'l  latitude  at  the  first  epix^h 
ari'  T,/^ainl  /^.V  r.-^|M-r?  i\  rly,  ai'l  at  iho  second  epoch  Vj-B 
jiihI  y/X  ri-s[ji:ctivi'i\.  Thai  is,  \\ni  l-'ii.Lritude  changes  because 
of  a  oliauge  in  the  point  fruni  w  hieli  it  is  counted,  while  the 
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Iktitodo  reituUiui  comUuiL     The  right  aacenaionn  anddecU- 
natirmii  »t  the  two  epochs  «re  respectively  Tf4|.  A^S,  and  ] 

Tbe  preceaaion  of  the  ec|uinaxcs  is  justly  ooiisiilered  i 
twing  oofl  of  the  great  discoverieH  of  llipparclius.  although 
*'i'-  late  he  fnond  wag  wrong.     Modem  obAervntiona  show 

>-.  prMMBion  ii  at  th«  nto  of  (V).2"  Hniiually,  fmni  which 

followa  that  the  equinoxffl  will  uinkt:  ft  completv  revulu- 
U»o  ID  25,800  yean. 

It  ran  l<e  aeeu  from  Fig.  ft9  that  the  precession  arises  from 
Um  fact  that  tlie  plane  of  the  equator  revolves  westward   i 
whU«  keeping  the  mnie  incliiiHtion  to  the  ecliptic.     Other-   i 
wiae  •tated.  th«  pole  of  the  equator  describes  a  circle  with  •  i 
radiua  of  28*  37'  around  the  pole  of  the  ecliptic  aa  a  center,   | 
Bat  the  pole  of  the  equator  la  defined  by  the  axis  of  tha 
■ftrth.     Therefore  the  earth's  axis  describes  a  double  ciroolar   ' 
ooDe  whoae  angle  ia  twice  'IV'IV.     At  the  timoof  Ilipparchua 
tbe  pcrle  of  ibe  equator  was  a)>out  12*  from  Polaris,  while  now 
H  i«  within  1.2.7  of  litis  »U\t.     .\s  wim  hUKhI  in  .Art.  47*  | 
to  12.00**  years  it  will  Ir-  vi-rj-  m*nr  Vi-ga  (.Mpha  Lync). 

147.  Cum  ■(  Preceasion  (rf  the  Equinoxes.  —  As  wns  ac 
in  the  laal  article,  tbe  precessioD  is  due  to  n  rotation  of  the 
«arth'a  axia  aroond  a  niean  jKwition ;  or,  Uiat  which  is  equiva- 
lent, to  a  backward  rotation  of  the  phuic  of  the  earth's  equator 
in  anch  a  way  as  to  make  a  constant  angle  with  tlie  plane  of 
the  ecliptic.  Tbe  cause  of  this  cliangc  was  fintt  explained 
by  Newt<»D  in  the  Primeipia. 

The  piTcesnon  of  th«  equinoxes  is  produced  by  the  attrao- 
tioct  ikf  the  moon  and  sun  on  the  earth's  equatorial  bulge, 
•boot  fonr-fifthn  of  the  re«ult  tx-ing  due  to  the  action  of  the 
Boon.  For  simplicity,  o<rnitidi?r  the  effects  of  the  moon's 
attraction  alone.  Let  Fig.  71  rt'prcMDt  the  cArth.  with  the 
eqtwt«)rial  Imlgv  much  exaggerated.  Let  S  be  tbe  hu-geat 
•pbere  which  can  be  cut  out  of  the  oblate  earth.  The  moon's 
attTSctJoo  baa  no  direct  effect  on  the  rotation  of  tliii  part. 
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For  simplicity,  oonsiiler  only  those  parts  of  the  equatorial 
V>ulfje  which  are  on  the  side  of  the  earth  toward  the  moon 
and  on  the  ()[>j)osite,  and  call  them  A  and  B  respectively,    h 

is  easv  to  see  that  the  moon  temk 
to  bring  A  down  into  the  line  join- 
ing the  moon  and  the  center  of  tlif 
earth.  It  can  be  shown  that  I  lie 
moon  also  tends  to  pull  B  up  intn 
tin-  saiiH*  linr  proiiiuH'cl.  If  the  earth  were  not  rotating,  ii 
would  Ik*  tilted  over  into  a  position  of  eqnilibrium.  Suppo.s»j. 
liowt'ver,  it  is  rotating  so  tliat  A  moves  from  the  reader  as  be 
looks  at  tin*  (liagrani  pfi'pendicularly  to  the  paj>er.  Now  a 
partirh*  at  .1  lias  a  vrlority  perpendicular  to  the  plane  of  tlif 
paper,  and  it  is  also  suhjeet  to  a  force  toward  the  line  XM 
'L'lie  result  is  that  it  tends  to  move  a  little  to  the  right  of  the 
perpejidieiilar  to  tin*  paper.  But  the  line  of  motion  of  this 
point  aiicl  tli(*  eciiter  of  tlit*  earth  <letine  the  plane  of  the 
e«juator,  wliieli  therefore  has  a  tendency  to  revolve  in  tlie 
rrtroLTradr  dirrctioii.  The  force  acting  on  2^  and  its  motion 
give  a  ti'iHh'iK  V  to  rotation  «»f  the  equatorial  plane  in  the 
samr  dirci-t  ion  J 

TIh*  ecjiiaioi'ial  hulgf  is  so  small,  the  earth  is  so  large  and 
rotatrs  so  fast,  and  the  forces  involved  are  so  feeble  that  the 
])n'r«.'s.sion  is  \rry  slow.  Iiesides,  it  is  very  irregular,  for  it 
is  z«.'ro  wlnn  th«'  sun  and  moon  are  on  the  celestial  equator, 
and  is  LTi'^'au-r  tlir  l"arth<*r  tliev  are  from  it.  The  moon  crosses 
thr  ('fjuator  twicr  r\rry  month  and  tin*  sun  crosses  it  twice  a 
y«'ai'.  Thr  distui'hanrrs  due  to  the  moon  and  sun  vary  aiul 
eomljim*  in  a  v».*rv  e«niiplieattMl  way,  and  depend  also  upon 
the  \arying  distance  of  thest-  hodies. 

148.  Nutation.  —  Tin*  innon's  orhit  is  inclined  to  the  plane 
of  the  (M-liptie  ahout  ."»'.  and  the  pre«.'ession  of  the  equinoxes 
whieh  tlie  moon  [»roduces  is  with  res]>eet  to  its  orbit  instead 

i  For  a  more  cnmpb'tc,  tlnnidi  iTiiiti'  tlcniontiny,  explanation  see  Intr'.'- 
duction  to  CekMial  Mechanics.  i».  -'>'. 
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of  with  reupMt  to  the  ecliptic.     The  line  of  tlie  internectinn 

of  ilie  |>latu)  of  the  moon's  orbit  witb  tJiat  of  tbc  eclijilic 

:"Utv»  iMu-kwitnl  iHi  the  ecli[itii%  coiiiftlfting  a  revolution 

I  18.6  yrara.     Tliu  lUcUnHtiun  of  tlie  plaiic*  to  each  otiier 

-  iiiains  t<onHt«nt  except  for  short  porio<lic  chaogea.      Tli« 

ui'tunt  of  the  precesflion  of  the  oquinoxoa  deju-nda  upon  the 

-ition  of  the  pUne  of  the  moon's  orbit,  and  this  introduces 

I    kgiriation  in  lh«  preeeuition  with  a  period  of   1K.(>  ycant, 

•  lU*d  the  mmtaliun.     It  cauaea  a  aort  of  nodding  (iiulutiou) 

I    the  jHwition  of  the  polp  with  respect  to  its  mciui  i»ith 

ron^h  an  arc  wImim  niuxiinuni  valuo  is  about  ^.2". 

Nutation  vnu  diiu-overed  by  Unidley  fnim  the  aame  observa- 

tiona  that  led  bini  to  the  knowlcd;^  of  alverratiou.      However, 

Im!  tlid  not  publish  his  concluMoun  until  he  had  extended  hia 

pliMTvalionji  ovt^r  the  full  lK.6>year  p«rio<l  from  1727  to  1747. 

l>'AlefaU:rt.  u  fatuoua  Frenoli  muthematician.  gave  an  ex|Kj> 

•ition  of  the  tlKHtry  in  a  trvatiiw)  on  preveiwion  and  nutation 

which  be  publishwl  in  1749. 

Tbe  inotioD  of  the  pLine  of  the  moon'*  orbit  is  due  to  the 

«ua '■  attnetion.     Thus,  the  sun  offecta  the  earth's  axis  of  rt>- 

tatioD  diriH'tly,  and  aUo  indirectly,  through  its  fitat  disturbing 

itt«  orbit  of  the  inmHi.  which  protluces  a  direct  preceft<ion. 

Th«  coa'irdi nation  and  explanation  of  such  cumplicateil  pbi>- 

tidtm-na  hn  ttieae  illiiatmie  thv  value  and  fur-reaching  connirc- 

.    ri*  <if  ibe  lans  itf  mfrtion  and  Ni-wtou's  law  of  gravilatioo. 

149-   Tbe  Seaaoos.  — The  seasons  are  duo  to  thi-  varying 

iigouiits  (if  light  nnd  heat  rctwived  from  the  sun  at  difTer«-nt 

iiniM  of  the  yi«r.     Every  one  has  olmerved  that  the  days  orv 

Itingi-r,  and  that  (be  siin's  r«ys  strike  the  earth  morv  nearly 

(wrpeiidicularly,  in  tlte  summer  than   in  the  winter.     Th« 

problem  here  ia  to  explain  ttte  law  of  tbeae  change*  from  Hue 

motiotu  of  tli«  rnrth  which  liave  been  discuased. 

Tbe  ran  travels  (apiwreutly  >  very  slowly  along  the  ecliptic, 
I  the  aveni|p>  a  little  leas  than  a  degree  a  day,  or  3*r0*  in 
16.^  ilaya.     Cunaequently  ita  diurnal  motion,  which  la  dm 
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Wh«n  the  eartli  i»  nl  C'  coinlitions  are  reventerl  witli  re:it|)ect 
to  the  northern  mnd  iM>uthcrii  licmisplii-rcs.  The  circle  on 
which  the  sun 'a  rays  fsU  perpeodiculiirly  ia  tho  tropic  of 
Capricorn,  and  the  anUluininated  part  of  the  earth  is  tlie 
Arctio  Eone. 

When  ihf  earth  is  at  B  nr  D,  the  nun  in  on  the  celestiftl 
e«luator  and  the  days  and  ni^ht«  an  of  vt^atti  lenf^th  all  ovvr 
tbe  earth. 

Tlie  ran'fl  motion  northward  and  southwanl  is  not  uni- 
form. Suppose  that  [tart  of  the  ct'lestial  sphere  containing 
the  equator  and  the  ecliptic  ia  represented  on  a  plane, 
y'tg.  74.     Let  I'  be  the  « 

vrmal  equinox   and  A     v,.."'-^^;^'-^ .  v^ 

tl»e   autumnal  equinox.  "^ 
and  anppane  for  siinplic- 
ilr  thai  the  sun  travels 


Flo  T«, 
Consider  the  north wunl  and 


oniformlT  aloni;  the  ecliptic. 

southward  motions.  It  is  VTident  from  the  figure  that  the 
'-tiange  in  declination  is  most  ntpid  when  the  sun  is  at  one  of 
the  equinoie*.  There  are  two  pointik  S  ami  W,  at  which  the 
•loelination  does  not  cluuige.  and  near  which  it  is  for  some 
time  nrarly  stationary.  These  poinltt  are  luilletl  the  summer 
and  winter  Wsfiivs  (places  where  thi>  sun  stands  still). 

Tbe  chief  reason  why  the  sun's  rays  are  less  effective  when 
they  strike  the  curfaoe  obliquely  is  tliat  those  tilling  a  given 
]inxm  are  spread  out  over  a  larger  s 
face.     Tliu«,  the  prism  of  rays  in  Fig.  1 

la  would  cover  the  aurfoi-*' vl^(7i>strik>  1 

i»g    perfiendicularly,  and    the  {^nsater  ] 

'  surface  <t&nf  striking  obliquely.     The  J 

k  more  they  are  spreail  out  the  lew  eff»c-  I 

five  tb«y  an  tn  beating  the  sorfiwe.  J 

Tilts  ia  Illustrated  by  the  difference  1 

in   the   intciuitjr  of   tbo  tMin'a  rays  at  midday  and  near  | 

■unael. 
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Ot  C'i'.rsi^,  wl.t-ri  tLo  niys  »U.*sceinl  iiblKjiiely  iLev  pass 
iliroii'jfli^  ii  Ci'tii^'T  thickiie.ss  «U*  iitiiio^phere  and  are  more 
;ibs-.'ii't'«L  I'll"  Li.''*  is  riiit  very  importaiii  until  ihey  btrcomt^ 
iMiite  •.•!'!:.;:•■,  t«r  ii:  •>:  '.-f  tliv  liti^at  ul»si«»rlH.'d  bv  tht^  atnios- 
[li' rt-  >  i.T;ir  :':.•.•  ['..1*.^  wlni^re  it  otherwise  woiiM  \iA\t 
striirk  :\i'-  '•'irr'  I.  ■■. 

Relative  Amount  of  Sunlight  in  Different  Latitudes.  — 

■•^'  :\r:"  .i:  :..■    -  .iril/s  tsUiiinr  liie  celestial  eqiiiiinr 

-  :'v.    i.  ■::  ■ -ii  ptr^'envlkuhirly,  and  every  ein-lf 

■>  .1  ■  v  '.',  is  i'i>t.H.ted  bv  the  horizon.     The 

:-.:'.•.■.•-:  :e:i-iiLti"n.  any  point  on  the  equator 

.:<    :  ^  ::"-^'L.:  tv..rv  lUiv  in  the  vear.      At  iln- 

'.     >  i:.   >  ..::.-s  i.tlt   the  vear,  but   in   this  ciise 

r;      :   -^  :>  :^  that  the  equator  and  jkiKs 

:.■.:,'.  :■     :  hor.rs  ut  sunliirht  in  a  vear.     It 

:'::::.:  is  true  for  everv  inter- 

•>  ^.liii'-l  dailv  at  one  time  is  luM 

A-  r.ir  as  tlie  length  of  sunlii:Iit 

■..■<;1:  is  the  same  as  thoui^h  ilie 
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-  ;-•  ■    t  ;L.ii  every  place  receives  the 

•  I       ..:   i:  wi»uhl  if  the  equator  ami 

-  .  '..  i^  :.  'T  the  ease.     To  show  that 
:.-.  1  :■.  ::i-^t,  points  on  the  equator. 

-  .'.::■:  :^  :  \-ry  day  the  same,  the  most 
-.  ■■  1  ii.ii'.v  :--r  unit  area  when  the  sun 

\\  \:  \\  l.ir.  ihe  equator  and  eelipiii" 

•":.•:   ri.i<  !M:':'ens  onlv  twice  a  vear, 

.  •  •  :  \    'I. IV  if  thev  coincided.     Con- 

■.•\.r.--:'  :r.  v  ivi -^  less  heat  than  it  wouhl 

•  ..:■'.:.    w.;.'    -rvi^     Since  the  anirlo 
•:1  The'  iM.::::     .l.-fs  not  diminish  the 

.ihi'iiiin  iliiti  liif  \\ii'<l.-  •.■;i!ih  \k-  :  .\r<  ;iii!iually,  it  follows 
ili.ti  -Mirni'  laiiiU'h-  rrri'ivi'>  uu^vr  !i..mI  ili.ni  it  would  if  the 
uhllqiiiiy  of  the  ecliptic  were  zero. 
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CuDsiiler  n  puint  at  tliL-  oarth's  poli;.  If  the  ecliplin  and 
the  «qiutor  were  coiotiilent.  tbc  sun  would  Lm*  nlwHyit  on  tliv 
horixoo  wnd  tlie  level  Hurfac-e  would  receive  infiniu-ly  little 
li|*ht  uid  brftt.  Itut  with  the  pmiteiit  otiU'iuiiy  tlio  pole 
rvcrivesft  very  MpprvciNble  ninoDiit  wIh'h  the  itllitudv  uf  the 
son  i«  near  23'  iV.  hi  iiiti-nnvdint*?  iHtitudoH  tlio  subjoot 
beooom  venr  complioated  bcvHuitu  u[  tho  varyiug  altitiiih^it 
of  Uw  Min  and  lengths  of  tlic  daj-s.  llut  the  result  iit  ihitl 
Um  obliquity  of  the  ecliptic  cauws  the  polar  regionx  Ut  rtTcive 
more  bMl.  and  tlie  equatorial  rt>gion»  le«8,  than  ihoy  would 
oUterwise. 

Another  intomling  fact  is  tliut.  other  thingti  lieing  e«iual, 
the  higltest  temptfraturra  do  uot  iiccur  at  the  equator.  For, 
otKupani  tliB  condititina  at  the  equator  with  those  at  u  {mint 
in  ibe  equatorial  stiue,  hut  near  oue  of  the  tropica.  At  th« 
equator  every  day  luia  12  lioura  of  HUnahiue,  and  the  sun 
paasea  Dear  Um:  zenith  only  a  few  tiniea.  On  the  other  hand. 
near  the  tropica  every  day  is  longer  than  \'2  hours  for  aix 
montba,  and  the  sail  paasLia  nttar  the  zenith  many  days  in 
aucceaaion,  because  the  aun'a  motion  iu  declinatiun  is  slow 
yihvn  it  is  near  the  aolaticea. 

The  obliquity  of  the  ecliptic  bna  two  general  effet'ta.  Tkt 
irmt  it  to  rmmtt  mriatioHM  in  rA«  fJimalt  nt  itng  onr  plmit,  ami 
tkr  trriMtA  *»  to  dtertOMf  tkf  JijTrrnifvt  in  tiimatt  in  Jijferrnt 
l^itm'lf. 

151-  The  Lac  of  the  Setaons.  —  From  the  astronomical 
IHitut  iif  view,  Mart-'h  -\  aii<l  S-jitenibi-r  23.  the  tlnira  at 
which  Uie  nun  [Muwes  the  two  <M|ninoxea.  are  corruaponding 
•naanna.  The  middle  of  the  aummer  is  when  the  nun  is  at 
ibe  summer  Hilstice,  June  *2I,  and  the  middle  of  the  winter 

ten  it  ia  at  tlw  winter  solstit-v.  December  21.  Itut  from 
climatic  atandpoiiit  March  21  and  Septvmlter  2A  ar«  not 
nponding  aeaaona.  and  June  21  and  December  21  are  not 

■  middle  of  summer  ami  winter  reMpectively.  Tlie  climatio 
laa  lag  behind  the  astronomical. 
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Th-^  i'liUL^r  ''f  the  LiLT  «*f  the  seas4.-ins  is  very  simple.  On 
June  -1  .luy  j.Laoe  ri'^rtii  "f  the  tropic  •>£  Cancer  is  reeeivini: 
thrr  most  he.it  •lailv  thiit  it  uet»  anv  time  in  the  vear.  On 
;ii'Oourit  of  the  bLtnktrtiiij  effect  of  the  atmosphere,  less  is 
r.i'l:'tnr'l  tli.iri  is  r^rerive^l:  consei^uently  the  temperature 
Cv-iitiri'irs  t'.-  i-'>«f.  But  aftrr  that  date  less  heat  is  received 
•Itilv :  ori  the  other  h.m-u  m«»re  is  radiated  dailv.  for  the 
hotter  t  !»vlv  '^k:1<  the  Ltstr.-r  it  nidiates.  In  a  few  weeks 
th-  I'^s  M.^iiiil:^,  itii'l  then  exceeds,  that  which  is  reeeiveil, 
iifrer  'Ahi  :i:  Uir  teiii['eratLiiv  he;j:iiis  to  decrease.  The  reasons 
are  .■'.r:>r^:-Oi.'llu^  f-.-r  all  tiie  «jther  seasi^ns. 

I:  r  ::•-:•-  ueir-  ri'  ittiih-^jlin-re  and  if  the  earth  radiated  heat 
;i<  r  1-:  \i<  iz  a'';i;::'e'i  ::,  th-re  wi.iuld  be  no  lag  in  the  seasons. 
.[■/:.  iVi^l'--,  h1:ci»-  t!ie  air  is  thin  and  drv.  this  condition 
::\i :'..:-  vr.'M/.rr-i  .ill. I  t!i»'  hijT  «.»f  thc  scasons  is  less,  though 
:  :;:-:i  :■  i-  v.-iy  iini.-h  disturbed  by  the  great  air  cur- 

-  "■'..'.'..  '[  '  -'■  :!.-i--:.  t"  i:-i.;!;ali/.c  temperatures. 
152  Effect  of  the  Eccentricity  of  the  Earth's  Orbit  on  the 
Seasons.  -  I  .; -  •:::..  ;;.  vr.>  ar'-uiid  the  sun  in  an  ellipse  in 
i.  ':.  •  K  ;  ':■:'<  ti:st  twn  hiws  are  fiiltilled.  It  fol- 
;■-  :.;.:■-  *■..■•  ;..i!r  ri-v.-Iiition  including  the  perihel- 
i":i  ::.  1' --  -i:.!-  :'.::.  :t  -1  »  •»  tht-  remainder.  It  is  found 
i'!":i:  •''•<ei  .  :■:  :.-  ■ :  .1  :■:!-  •  iith  is  at  the  perihelion  point  on 
I)e*L-:iib'  I  -il.  i\."'\j..  :!.-   i  .i-  www  varv  a  dav  because  of  the 

— ..  !•■.:;■  ymr. 

I  !:;:<.  in  Fiir.  TG.P  is  the  perihel- 
:  .'1   I  ■  iv.r,  V  ^1^*^'  aplielion  points  and 
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i   intersection  of  the 


il.mt-  »•!  ihr  equator  and  the  plane 
«»i  the  •  rlij'iiv.  The  sun  is  appar- 
/  '  (Htly  ar  » !-.r  vernal  equinox  when  the 
I  aitli  i^  at  J'  and  at  the  autumnal 
('«jninu\  \\  h  til  I  he  earth  is  at -rl.  The 
anirh?  PSr\s  about  Htr,  and  ASP  \iU}\  Since  the  area  of 
the  sector  APV  is  less  llian  tUvW  o?  vW  s^cVoi:  t'QA^  it  fol- 
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liiw»  from  Kepler's  law  nf  areaa  tlmt  the  earth  pamcH  n 
tli'i'  am  APViu  a  Hhorter  time  than  it  doeii  ovi>r  VQA. 

CtMimder  (tif  actuul  lM^aH<>lw.  Tli«  cHrtli  id  nt  V  iiii  Mareli 
SI  Mid  at  A  on  S<*pt^mber  3A  (tho  <lat«s  iimy  vary  a  <lay 
tfW^HPi*  of  the  leap  yvar^.  Tlio  iiitiTval  from  March  21  to 
September  28  U  186  dnyit,  ami  ihv  int«rTal  from  September 
2S  to  March  21  U  ITlt  days.i  Therefore  in  the  northern 
liemiaphere  the  aummer  U  over  seven  Jayii  lon^^r  than  the 
winter,  while  the  uppo»ite  in  tnie  in  the  Houtheru  liirmiaphcrD. 
But  to  cciinturtxilance  thia  the  iliiitani-e  to  the  aun  U  ({reator 
ilarino;  th«  aummera  of  the  northern  Iivmiaphure  tlian  it  U 
■luring  ttuMD  of  the  aoiitheni  heniisphurv.  Likewise  the 
winter*  in  the  northern  hcmiapheru  are  shorter  than  thnse  in 
tbe  aoutbem  hi-miaphere,  but  the  greater  amount  of  heat 
rec«iTe<l  daily,  becauae  of  tlie  nearness  to  the  aun,  mukca  up 
for  the  drflcieticy  in  length  of  the  aeason.  It  ix  a  laxU 
alUMiuith  it  can  not  be  proved  by  elementary  pruoewM-a,  that 
curTv«{M)iKlinK  latitudes  in  tlie  northern  and  aouthem  hemi- 
•plien.'a  rrcvivp  llie  aame  total  amount  of  heat  annually,  and 
alao  during  any  corresponding  seasons  or  jwrts  of  seasons. 

Although  the  eccentricity  of  the  earth's  orbit  does  not 
cause  a  difference  in  the  whole  amount  of  heat  receiv<si  in 
correapomling  latiludea  in  the  two  hemiapherea,  yet  it  dm-s 
imke  a  difference  in  th«  way  the  h«at  ia  ilititrihultHl  ihrough- 
onl  Um  y^ar.  A  plaoe  at  a  giv«-ii  latitude  in  the  northern 
baaiaplwni  raoeiTM  leas  heat  daily  during  its  summer  than 
ta  recrivgd  by  a  place  of  the  aame  southern  latitude  during 
iu  aummer.  In  the  winters  the  northern  latitude  rec-eivea 
more  buat  daily  than  is  received  by  cor resiion ding  southern 
Utitmlea.  Ttie  result  U  that  the  variation  in  the  daily 
atunl  of  beat  received  is  leaa  in  tite  northern  hnmiaplMiro 
I  it  ta  in  th«  soutli«ni. 

ler  a  (wiut  on  the  earth  north  of  the  tropic  of  Cancer 

htt  having  an  etiual  southern  lati 


e  ttonVvewv 
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one  receives  the  greatest  cimount  of  heat  daily  at  the  summer 
solstice  and  the  southern  one  at  the  winter  solstice.  But  the 
amount  of  heat  received  varies  inversely  as  the  square  of  the 
earth's  distance  from  the  sun.  The  earth  is  near  its  aphelion 
at  the  summer  solstice  and  near  its  perihelion  at  its  winter 
solstice.  Using  the  numbers  previously  given  (Art.  144), 
it  is  found  that  the  greatest  amount  of  heat  daily  received 
at  the  southern  station  is  nearly  7  per  cent  greater  than  the 
Lrreatest  amount  daily  received  at  the  northern  station. 

Thus,  other  things  being  equal,  the  climate  of  the  southern 
hcinis[)here  would  have  greater  extremes  than  that  of  th^ 
noriliern.  lUit,  unless  the  unequal  distribution  of  heat  has 
some  crtVct  on  the  loss  of  heat  by  radiation  into  space, 
the  avt'ia<j;'c  lemperatures  in  the  two  hemispheres  would  be  the 
same.  One  can  not  e\{)C(?t  to  find  these  theoretical  results 
very  exactly  verified,  for  the  climate  is  greatly  aflfected  by 
loeal  roiiditions  such  as  ocean  currents  and  mountain  ranges. 
Since  tlu'  souiluTu  iiemisi)here  is  much  more  largely  covered 
with  water  than  tiie  norliiern,  the  temperature  would  be  more 
unit'orm,  other  ihiui^s  being  equal.  Probably  the  effects  of 
the  laru'c  water  surface  more  than  offset  those  resulting  from 
the  vaiyiiii;-  distance  of  the  eartii  from  the  sun. 

153.  Effect  of  a  Change  in  the  Eccentricity  of  the  £arth*s 
Orbit.  As  will  he  explained  in  the  next  chapter  (Art.  169), 
the  attractions  of  tiie  oilier  planets  for  the  earth  change  the 
eccent licit \  of  its  orhit  for  many  thousands  of  years  in  one 
(lii-ecti«>n,  antl  then  for  many  tliou.sands  of  years  in  the  other. 
W'hih'  this  is  n'oiuLT  <>n  tlu'  length  of  the  major  axis  remains 
c«)nsiant  exi-ept  for  small  short-period  variations.  The 
etVects  that  these  changes  have  on  the  amount  of  heat  re- 
cei\e(l  hv  tlu^  earth  is  a  (juesiion  which  can  be  solved  only 

•  I  ar 

h\  a  mathematical  discussion. 

« 

it  can  i)e  shown'  that  the  amount  of  lieat  and  light  re- 
ceived per  unit  area  i)y  any  planet  is  {)rt»portional  to  the  recip- 
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rocal  of  th4?  product  of  the  niRJor  aiid  minor  axes  of  it«  orbit. 
If  tbo  major  axis  remni»8  ninntaat  wUilt!  th«  ccrentricity 
inorauM.  tbvn  the  minor  nxiit  dcvn^iistr*,  for  Uiv  ellipso  lie- 
o(ia»e«  more  fliitt«Dud.  Ilcnce,  when  tlia  eccentricity  of  Uie 
esrth'ii  orbit  incrcasea,  the  amount  of  heat  received  becomes 
gn»tft;  and,  in  agreement  with  tht-  diaouiwiun  uf  tho  [ira- 
owliti);  articlv,  tlio  seasotiH  in  ohl'  henuHphcn.'  bi'comv  moru 
aniform  aud  in  the  otlier  more  extreioi;.  The  attraclionH  of 
thr  uth«-r  |iUi»et(>  cauAe  the  major  axia  of  the  eartli'M  orbit  to 
r->ut4<  <  Aru  !•>!>),  and  it  followx  from  this  thai  in  the  vouraa 
•  ■f  time  thf  mrth  will  ptuu  ita  [>eriheIion  iit  all  the  varioua 
aeavonn.  Conwquently.  in  the  lonjj  run.  both  homiajiheres 
)Mve  the  extreme  aeaauna. 

f  ieulo|^ata  have  not  come  to  any  p;eneral  n^rreement  re!i|)eot- 
inf;  thi?  cattM.'  of  the  ice  agea.  The  Knglinh  geoluplvi  ('roll 
iiiltnnni]  thf  theory,  and  nujiporti'd  it  in  a  ImwIc  devoted  to 
I  ill-  dincuMJon,  tbat  they  have  Itecn  due  to  the  very  unei]na] 
diAtribulion  of  heat  throufflioiit  the  year  at  the  epocliH  of 
|[Teat  ectenlricity  of  the  earth'B  orbit.  He  held  tiiia  view 
not witliMandinj^  the  fact  that  the  total  amount  of  heat  re- 
"'■ive^l  would  luLve  been  greater  at  8Uch  timeit,  n-t  Iian  )iei>n 
\|>laine<l  above.  A  fatal  objeelion  to  the  theory  ih  tliat  the 
lervala  between  the  sut^'cenMJ ve  iee  afrea  Mould  have  In-en,  if 
liiia  were  the  caubin  very  much  longer  than  the  g«olo]^ical 
dMa  indicttte. 

QOUllOflS 

1.  I*  Ifan  •(ifa'vnl  potion  ^r  thr  •itu  nlTn-lnl  br  Bh^rrmlion? 
'.'.  WnuLd  vond  (nm  a  dUUtil  HHinw  •ufl-^r  an  alH-mlion  it  Ihfl 
IwaPT  mt*  rWltnK  rapilly  on  ■  mlii?  Sonml  tnxrU  at  thn  m»  u( 
aUwi  IWNt  f««4  pm  anmnd.  If  Umtp  ia  aa  olrrrallnn  o(  toaikcL  wlial 
«.>ittil  '■•lUaiMMiri  for  a  hearer  rUliny  prqi^iKlktilarljr  to  lb  iUr«<4kiB 
at  tba  rat«  c4  911  mllM  [wr  boar? 

<.   Po«  ibe  inatfam  of  tb*  ftar  oWnr«d  aUo  pnxluM  «n  aberratkm  T 
"  Xo(  tb*  Manat  knowa  tar  (AI(>baCeaUaTi^  UQ.IV- 
y  woHld  an  nfrjaol  aa  iadt  In  (ttaiMiHt  \mf*«  to  W  'ya.v  >a 
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5.  AVhen  the  parallax  of  a  star  is  less  than  0. 1",  it  can  not  be  measured 
with  certainty.  What  is  the  lower  limit  to  the  distances  of  the  stars 
whose  parallaxes  can  not  be  measured  ? 

6.  The  elfect  of  parallax  is  to  make  a  star  apparently  describe  a  small 
orbit.  How  do  the  apparent  motion  and  position  in  this  orbit  compare 
with  those  in  its  aberrational  orbit? 

7.  Could  a  star  be  selected  in  such  a  position  that  the  aberrational 
atid  parallactic  displacetnents  would  be  entirely  distinct  from  each  other 
even  if  they  were  of  equal  amounts? 

8.  Show  that  in  proving  the  motion  of  the  earth  by  means  of  the 
spectroscope  it  makes  no  difference  whether  the  star  observed  is  movuig 
or  not. 

0.  Are  the  longitudes  of  all  stars  affected  in  the  same  way  by  preces- 
sion? Are  the  right  ascensions  and  declinations  of  all  affected  in  the 
same  way? 

10.  Draw  three  figures  corresponding  to  Fig.  72  showing  the  effects 
of  a  change  of  the  observer's  latitude  on  the  diurnal  circles  of  the  sun. 

11.  Does  the  oblateness  of  the  earth  have  any  effect  at  all  on  the 
widtli  of  the  Arctic  and  Antarctic  zones? 

lii.  What  etVect  would  an  increase  in  the  amount  of  carbon  dioxide 
in  the  atniospliere  have  on  the  amount  of  lagging  of  the  seasons? 

154.  The  Period  of  an  Inferior  Planet.  —  The  period  of  a 
i)laiiet  inav  be  cletiiied  in  two  wavs.  One  is  the  time  it  takes 
the  jilanet  to  iiiovc  from  any  relative  position  with  respect 
to  the  sun  as  SL^en  from  the  earth  to  the  same  relative  posi- 
tion again.  Tlie  simplest  case  would  be  from  conjunction 
with  the  sun  to  conjunction  again,  with  motion  in  the  same 
direction;  or,  if  the  moon  were  considered,  from  new  moon 
until  new  moon  again.  Such  a  period  is  called  a  synodic 
jnrloil  (Greek  '"  with  ''  and  ''  way,"  meaning  in  the  same 
way,  or  direction).  Another  period  is  the  actual  time  it 
takes  the  planet  to  revolve  around  the  sun;  or,  that  which 
would  be  an  apparent  revolution  with  respect  to  the  stars  as 
s(^en  from  the  sun.  Such  a  period  is  called  a  sidereal  period 
(stars,  or  constellation,  period). 

Since  the  sy nodical  period  depends  upon  the  motion  of  the 

earth  as  well  as  that  of  the  planet,  while  the  sidereal  period 

dej/euds  upon  the  motion  oi  t\ie  ^\^iift\.^QiTia^\^\A^'5axl»\x!aLt 
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the  Utter  U  whftt  ane  wauM  lue  ordinarily  iu  apeakin^  of 
lb«  time  of  rvTolutioD.  Of  the  two,  tb«  HyncMlieal  period  rati 
1)0  mor«  easily  found  from  olwervalioiiM,  niiil  from  it  ihv 
■tdcK*!  period  can  !•<■  computed,  lu  will  bu  Hliown. 

Lrt  Ki(f.  77  n-priMcnl  the  orbit*  of  an  inferior  planet  and  tlie 
varth.  SuppoHC  tliD  HUH,  tlio  plant^t,  and  the  earlb  are  in  the 
wunv  liiM.'.  with  thu  planvt  bctwoen 
the  earth  and  tbe  alio,  aa  SP^EJ. 
The  planet  in  I  ben  said  to  be  in 
i^feriar  eat^unetion.  It  movea 
(aster  than  tbe  nnrtli  and  appar- 
ently pa— 08  by  the  sun  from  eiwt 
to  W4SSL  Aftrr  a  (vrtain  interval 
of  time  the  earth  will  tiavc  niovcni 
on  to  £^  and  ttic  pUnvt  around  to 
Pj.  Tbi-  pbinet  is  now  said  to  be 
in    mptrior  cn^fnnetMn.      In   this  ^^  ^ 

caa«  it  a|^>arvntly  inuwmi  the  Mini 

from  west  \o  v**l.  After  a  still  lonf^er  interval  the  earth 
and  planet  are  at  K,  and  Py  and  the  planet  Lt  in  infe* 
riar  oonjooctiiin  again.  The  time  tltat  it  has  taken  tbe 
«uth  Ui  1^  from  E^  to  B^  ia  the  synodic  period  of  tbe 
planet. 

Let  E  represent  the  i»erii)d  of  the  earth  oxprvaavd,  ray,  in 
days.     Ij«t  S  and  P  be  tlie  synodic  and  sidereal  periods  of 


tion  of  a  whole  revolution  that  the  earth  moves  in  one  day. 

SinUariy,  -^  is  the  fraction  of  a  wliolv  reTolution  that  the 

planet  moves  lu  one  day. 

tiua  ■>(  a  nrolalioa  gained  by  the  planet  on  the  eartli  in  one 
Bat  the  planet  (faioa  a  whole  revolution  m\  Uw  «mA\\ 
k  tika  synudiea)  period  ui  S  days.     Therefore  \\tc  VnA<\>.'A 
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of  a  revolution  gained  in  one  day  is  —•  Equating  this  to  the 
previous  expression  for  the  same  thing,  we  have 

1  =  1-1 

>S'     F     E 

Tliis  is  the  relation  connecting  the  synodic  i)eriod,  the  side- 
real j)eri()d,  and  the  year.  When  two  of  these  quantities 
arc  known,  the  third  can  be  found.  Thus,  when  jS'and  J?  are 
known,  it  is  found,  by  clearing  of  fractions,  that  2*  is  given 
by  the  equation  ^,  ^  ^ 

Then?  is  a  simi)lo  and  direct  way  of  finding  the  sidereal 
period,  but  it  is  not  of  much  value.  The  orbits  of  all  the 
phinets  are  inclined  to  the  j)lane  of  the  ecliptic-  The  inter- 
val of  time  between  the  instant  at  which  the  planet  crosses 
the  i)liine  of  the  ecliptic,  say,  from  south  to  north,  until  it 
(crosses  the  samcj  way  again  is  a  sidereal  period.  This  is  not, 
h()W(?ver,  absolutely  exact,  for  the  places  where  the  planet 
crosses  very  slowly  chanjjfe. 

155.  The  Period  of  a  Superior  Planet. — A  superior  planet 
has  ))<)th  a  syjuidical  and  a  sidereal  period,  defined  the  same 
as  in  the  (-ase  oi  an  inferior  j)lanet.  It  has  but  one  conjunc- 
tion with  the  sun,  which  is  called  simply  "conjunction," 
althuui^rh  it  is  a  suiKirior  conjunction.  When  it  is  directly 
<>l»j)()site  to  the  sun.  it  is  said  to  be  in  opposition.  Then  the 
earth  and  the  planet  are  the  nearest  together  that  they  ever 
^ct. 

Let  the  same  notation  as  before  be  used  for  the  periods, 
liut  in  this  erase  the  earth  moves  faster  than  the  planet,  so 

that  -—  —  -  ■  is  the  fraction  of  a  revolution  chained  by  the  earth 

E    r  b         J 

hi  one  day.     Hence  the  et\u\vtvo\\  vjouucetlu^  the  length  of 
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the  ynur,  the  ajmotUod  period,  nnd  the  8i<lt:r»iil  period  i» 

A    1_  1 

When  iS»nd  i?uekoown,  /*  i»  ifiveii  by  llie  equation 

p_SxE 
S-E 

Sinew  th«  sidi^rrnl  ]KtricKlit  of  tlie  distant  supi'nur  pUneU 
are  verj'  lonjf,  it  U  not  ciwy  to  Kiid  them  \>y  direct  ob»ervn- 
ttotu.  Itut  tb«  grentt*Bt  nynodicHl  |K.Tio<l  ia  otilir  a  little  over 
two  yettn  in  lengUi,  and  therefur«  tbe  indirt-ct  proceiM  of 
finding  tlie  Hidereal  period  from  tho  symxHc  ui  more  conven- 
ient. It  »bould  not  Ite  inferred  that  wttroiiunifrs  buve  to 
wBit  >  whole  srnodit'ul  pcriiKl  in  order  to  find  the  iiidvreal 
fjerioil  of  n  planet.  The  [rawvrful  mHthrmutiral  proc^^flses 
now  in  use  enable  tlicm  to  solvu  tliu  problem  nitb  consider- 
»ltle  Kctfunuy  from  tliro<>  observHtiona  of  apjiarent  direction 
aepMSted  by  intervklii  of  a  few  dayx. 

IM.  The  Relative  Dlstaoce  of  u  Inferior  PUnet.  —  The 
relative  distAiK^-s  fruni  tlie  Hiin  of  uti  ttitf  phmcu  nf  lh«  solar 
■3rBtent  out  b«  found  without  knowinj^  nny  nrtiinl  difltonce. 
Thb  eoahlea  lu  to  draw  a  map  of  the  whole  Bvatem  in  the 
oorrect  profxirtions.  Hence,  when  one 
actual  diManoe  is  known,  all  the  others 
can  Ipe  found. 

In  Fig.  78  .V.  £,  and  P  r«tpr«Mnt  , 

the  KUn.  earth,  and  an  inferior  planeU    ' 

The    angular    distance  of    the    planet 

from  the  sun  as  aetia  from  thv  earth  ia 
vaUed  ita  ttfingathm.  When  the  planet 
Itae  its  greale«t  ehtni^tiim  fntm  the 
Nun,  Um  triangle  SPE  in  ri^ht -Bn|{le<d, 

with  the  riifbt  angle  at  P.      TU  angle  at  £  \»  nVMrio^-, 
cottseqiKUtlj^  all  tiie  aiifilea  of  tliu  triaugW  atv  Vnovu.    W 


190 


IXTRODUCTIOX  TO  ASTROXOMV 


one  side  were  known,  the  others  could  be  computed  bj'  trigo- 
nometry. To  get  the  relative  distance  assume  that  iS^has 
an  arbitrary  value,  as  1.  Then  SP  will  be  a  certain  fraction 
of  it  whirh  oiin  easily  be  computed.  For  example,  if  the 
anirle  at  IJ  were  30°,  the  distance  SP  would  be  i.  Without 
the  use  of  trigonometry  one  can  draw  a  triangle  having  the 
proper  angles  and  find  the  relative  distances  by  measurement. 
157.  The  Relative  Distance  of  a  Superior  Planet. — The 
relative  distance  of  an  inferior  planet  was  found  from  its 
greatest  elongation  ;  the  relative  distance  of  a  superior  planet 
can  be  found  from  the  same  principle  a  little  differently 
;ip[»lie(l. 

Sui)[K)se  the  planet  is  in  opposition  at  a  certain  epocli,  as 
at  Pj  with  the  earth  at  I\  (Fig.  T9).  After  a  certain  inter- 
val of  time  the  earth  will  have  its 
greatest  elongation  as  seen  from  the 
planet.  As  seen  from  the  earth 
the  planet  will  be  apparently  90° 
from  the  sun,  which  determines  the 
time  when  the  relations  are  ful- 
filled. Suppose  the  planet  is  at  F^ 
and  the  earth  at  JE^.  Suppose  the 
period  of  the  planet  has  been  deter- 
mined previously;  then  the  angle 
PjA7^  through  which  the  planet  has  traveled  is  known. 
The  ijiiguhir  ni<»tinn  of  the  planet  as  seen  from  the  earth 
is  Qh\,I\,  \\hich  eijuuls  the  angle  at  A,  Now,  the  angle 
111  J\,  e(]Uiils  the  angle  1\S1\^  minus  the  angle  at  A^  and  is 
therefore  known.  Hjiving  computed  the  angle  at  -Pj,  the 
relation  between  Sl\^  and  SE^  ean  be  found  by  trigonome- 
try precisely  as  in  the  ease  f)f  the  inferior  planets. 

The  earth  has  its  greatest  elongation  from  the  sun  as  seen 
from  the  planet  when  the  planet  as  seen  from  the  earth  is 
90**  frcmi  tlie  sun,  or  in  i/uadrafnre.  This  determines  the 
time  to  make  the  observalioua  wvow  wlvvch  the  computation 


Fig.  71). 
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U  ba«ed.  At  tliU  tinio  the  apparent  [HMilion  of  llie  plnoL't  Ja 
fjtrthrHt  behind  tluit  wlucb  it  would  have  aa  seen  frum  the 
Min.  tlw  an^le  bfiii)*  pr<:ci.te1y  that  at  P,. 

IM.  The  Elenteati  of  an  OrUt.  —  Tlit^  jtodilion  of  a  planet 
in  spttcfl  ftt  uuy  tinio  drpciids  iijkhi  tli»  position,  m1ui|h.%  and 
«u>  of  it«  orbit,  and  the  time  it  waa  at  suniv  iHMtitioit  in  itfl 
nrint.  w  at  tlic  perihelion  point.  These  q  uantitiea,  which 
enable  one  to  compute  the  [HHution  of  a  planet  at  any  time, 
■rv  niU(!<l  tha  rUmtHi*  u(  its  orlilt. 

If  a  pIjtnL*t  wvrt'  starlui]  in  tlio  vicinity  of  tho  sun  (i.^.  In 
tb<-  BnUr  aystem>,  its  path  would  depend  Upon  the  point  nt 
which  it  vnut  Morted  and  the  velocity  and  direction  of  projec- 
tioi) ;  for,  if  any  one  of  lUeim  tilings  were  changed,  llie  orbit 
Mould  be  different.  La-t  us  see  how  many  UiingH  tlie  orbit 
depends  opon  m  definol  in  this  way.  The  point  from  whirh 
the  bodjr  i«  projected  do|)onds  upon  three  thin);H;  for  example, 
the  right  aHcermion  and  declination  as  seen  from  the  aun  and 
tbv  duUance  from  the  ann.  The  direction  of  projection  de- 
I>rmU  n|>(in  two  ihinga.  jiint  as  (he  direction  to  a  alar  involve* 
two  i-oordinatiM.  Th«  ^-vlocity  of  pr^ijection  i«  a  single 
thing.  There  arv,  therefore,  six  things  npon  which  the  [mth 
of  the  biidy  depends:  and.  since  any  point  in  an  orbit  insy 
be  tboufiht  of  as  being  a  starting  point,  the  ^Misition  always 
dejientls  ujmn  six  duitinct  things.  Consuqueutly  au  orbit 
luu  »ix  elemenlB. 

The  plane  of  a  planet's  orbit  Is  defined  by  its  position  with 
rvspect  to  tile  plane  of  tlic  ecliptic,  and  it  takes  two  things 
to  expnas  this  nlation.  One  is  the  line  in  which  (Iid  two 
(rlanea  ioterMCt,  called  the  lint  tf  »■»/«<,  and  the  other  is  tbo 
angle  between  the  two  planea,  called  the  iA(-/iM<irii>N  i;^  tAs 
mrMt.  The  place,  or  »(Hte.  at  which  the  pl.-inel  cntsMii  the 
plane  of  the  ecliptic  front  south  to  north  is  colletl  the  aaefini' 
tNjT  iuhU  (symbol,  fi),  and  the  other,  the  Jfrt—timg  mo<h 
(■ynboU  I5)>  TIte  element*  jfiven  are  the  Wn^Vn^w  uV  >\\«i 
mmenadiaf  ood«,  which  is  the  angular   diit&ncv  i\<»\%  >X''« 
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drpendii  to  BODie  sli|;rlit  cxtmit  U{K)n  iU  mius,  for  its  nttnu.'- 
liim  novm  th«  sun.  Tlivrofun;.  to  i^>t  the  niution  of  the 
planet  with  respect  to  tb«  sun  wUli  great  nrcuracy,  the  tnaitH 
at  the  [tUfiet  (or  Boiaething  el»e  ec|uivxU>tit)  iniut  also  be 
koown. 


I.  b  tk»  wjaoUc  |wriod  nf  ui  jufprfair  |iUnnt  m  men  front  tli»  c*rth 
be  MiM  H  tlM  >jBodk  period  at  Um  «»rtli  m  wwn  from  th*  pluiel? 

'i.  Tbe  ridiiiit  perhMla  of  all  tU^  pUnKta  mh  longvr  thn  fartlm  tbej 
I*  tran  tlw  nn;  bow  i]u  l)«  tjiiodii^  prri'Nli  nt  tlio  inferior  pUiieta  <1»- 
wmI  ninn  tbair  lUsuacp  from  iIm  aun  ?    How  bt  ll  in  the  cue  ot  Um 


»  lyTKHnc  [vriod  anil  tbo  mar  am  of  xhc  «■»«  len|[lli- 
Wfaat  ia  di*  iiihraal  period  in  the  caw  i>(  an  infvriar  ]ilaii«i.'f  lu  Urn 
caaa  of  a  mperiar  plaiMt? 

4.  ftapfim  tlivTv  in  a  nujwrior  plaiift  whoiw  «i<1pt«a1  i^rloil  in  fl  ttMir« 
that  »(  au  infrruir  |>lani>l  ami  whoae  nyooijtcal  |«rkHl  n|iial>i  lliat  at  tlw 
intrTiat  planvt.  Wliat  i*  thflr  commou  ^nodical  |wrioil  and  what  arr 
IbriT  •tdriml  jairioilM? 

i.  Id  applying  lira  nietiHMl  of  Art.  I.^T.  i*  it  ntattmry  to  make  tbe 
ahm rraiiuna  whvn  ibt  plaii<-t  b  in  quaiiralun-7 

5.  S<i[i|i»v  tbr  pvrtodn  >if  lh«  i-arth  nod  an  Inferior  jilanpt  an  known. 
SfadW  thai  tMr  rcialHrif  dnunma  am  drfinni  tiy  a  trianel'-  whoHt  anulM 
t«a  ha  IoqmI  tram  ofaaarTitij  the  Uidc  of  mojuuRlinn  and  the  olungatioii 
u  wi]r  olfcar  tiiMu 

7.  If  a  body  iBatw  Mbjeet  to  no  foteo*  (■.«.  ia  a  •Uaight  liiv),  bow 
■Mojt  ihm— li  baa  te  orbitT 


CHAPTER  VII 

THE  LAW  OF   GRAVITATIOX 

159.  Necessary  Preliminary  Work.  —  Since  a  law  of  nature 
is  a  description  of  tlie  way  certain  natural  phenomena  succeed 
each  other,  it  follows  that  it  must  be  based  upon  preliminary 
experiments  and  observaticms.  The  law  of  gravitation  was 
dechiced  from  two  distinct  classes  of  results,  both  of  which 
lia\  e  been  to  some  extent  discussed.  In  the  first  place,  it 
was  derived  from  the  planetary  motions,  which  were  dis- 
ci) vered  by  Ke[)ler.  They  were  the  final  results  of  observa- 
tions and  diseiissi(ms  which  were  begun  in  prehistoric  times, 
and  wliose  history  lias  been  sketched.  In  the  second  place, 
it  depended  essentially  upon  the  laws  of  motion  (Art.  120), 
wliieh  siH*ni  to  have  been  unknown  until  the  time  of  Leonardo 
ihi  N'inci  and  (ialileix  and  which  were  first  stated  in  their 
i;en«'r;iliiv  bv  Newton.  The  results  of  the  first  class  were 
ol)i;iineil  from  an  immense  number  of  observations  of  the 
heavenly  b(Mlit's  and  nu^st  laborious  computations;  those  of 
thr  srcond  rlass,  t'rom  ex})eriments  on  the  motions  of  bodies 
at  the  siufate  o{  ilie  earth,  and  from  a  rare  insight  into 
physical   phenomena. 

The  work  which  KhI  t(^  results  of  tlie  fii*st  class  demanded 
especially  patience  and  skill  in  observing,  while  that  which 
seeureil  the  results  of  the  se(H)nd  class  depended  more  upon 
the  imaLrination  and  intuition.  The  proof  of  the  law  of 
gravitation  from  them  involved  the  rarest  powers  both  of 
invention  and  of  mathematical  deduction.  In  fact,  everj' 
discovery  in  science  depends  upon  two  tilings,  observation 
and   intuition.     Unless  based    upon  observations,  a  theory 
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haa  no  value.     L'nlmH  the  results  <if  olMM^rvulintis  nrtt  uiiirii'd 
bjr  a  tbeorj,  they  aro  nf  Utile  valix'. 

140.  Diacorery  of  the  Lav  of  Graviutioii.  —  Itiaac  Newton 
(lfr|:i'-1727).  the  HwcovcTur  wf  ihi;  law  uf  jrravilation.  was 
Ixini  thp  jfnr  aftrr  Galileo  died.  In  Ifldo  \iv  ^mdtmt*<d 
fruoi  Cambridjjc,  having  shown  in  the  last  yearn  of  hid  uni- 
Tenily  course  cxlraordiuarj  talent  in  mKlheniatiox  and 
natural  iiciencv.  \\«  at  emeu  entvred  uixin  n  puriod  uf  aa- 
pftniUrled  intellectual  activity.  In  the  SrHl  two  ycani  he 
bsd  discovered  tliv  btRotnial  theorem,  laid  the  ba^  of  hia 
work  on  flusiono,  which  lias  grown  into  the  niodern  calcu- 
lutk  derelo|)ed  hiii  theory  of  coloni,  and  oonceived  the  idm 
ihnt  ihf  nioiin  ia  hold  in  ila  orbit  by  forces  of  thc^  imnic 
iiatare  w>  ihixtr  which  cause  bodira  to  fall  at  the  surface  of 
the  earth.  During;  th«>se  years  ho  was  in  retirement  at  bia 
honMT  in  Wiwlsthorjie,  hecaiiae  of  the  plague  which  waa 
rajrin);  in  KngUnd.  lie  afterward  described  iJiis  as  being 
the  nio«t  |iroducliv«  jieriod  of  hiit  life. 

At  tba  Tory  beginning  of  hit*  work  N>wt'>n  muat  have 
been  in  poiaaaiop  of  tlte  first  Uw  of  motion,  which  lie  very 
protwbly  dtwover«d  independently  for  himself,  and  which 
oonatitatcd  the  first  »t«p  in  bia  discovery  of  the  Uiw  of 
graritatioo.  In  acconlance  with  it  the  moon  must  be  acted 
upoD  by  exterior  foreea,  for  it  dne-a  not  ^ 

drscriW  a   straight   line.      Its  motion  in 
liko  that  of  a  projmtile,  only  the  velocity 
is  an  great   that  it  goes  entirely  around   /  / 
ibr  earth  without  hitting  it.    Thia  ia  itlua*   p{' 
trmud  in  Kig.  81,  where  K  repn-xenta  tiie    \\ 
eKrt}u  and  P  a  high  elevation  on  it.    Sup> 
poac  a    body   is    projected    horizonullr. 
For  a  certain  initial  velocity  it  will  strike  "" 

Uw  aorfacc  at  A  ;  for  greater  velocitiea,  at  B  and  C\  and 

■  Dm.  ttv  IMS,  OU  Sijrte,  or  Jaa-  4,  IM3,  aomtdlac  »  iba  pnaMt 


*t' 


;.v."\"/3r^'-r''.v  ro  j.<TR')y':'MT 


i . .." 


••••■.  ■  ■  ■■.-»■  1 .1  • ' 


.1  • ' 


■I  .■ . 


'■■  1. . 


.1 


'  i 


I  ■ 

In     I- 

I 
f/n/i 


•  •'  <>.l^  liil.<        -^■.■»      ."!•  »      1«?       '  .       .~       \^.&r         .'.L.  ^ 

T  ■ 

: vj--.    i:i    i[j  !•:   r-..- .i:i«i   *:.:.»•    ii:   :..-:.. 

...iv  ~..»-   II-  I  n.   v  i:--:i  -vis  ^■:si'.■[•r  in  tli-f  sky 

■  .■•    -r-i.j-.-    .:::♦-    ::,    "vlii.-Li.   :"    ^rnir'i   t- 

"..=*    SI.;.--    :  ■••:-    IS  :!i;Lr   "v;:!.::.  ai-i-lr  :!:■: 

1'    .-    -■■  ■   .■:   -r.-r-  "v  Ls  .1  'Listia';:  A.i-I:::.:L 

.-•:;.■-■:     ••:  .»:'«.'!; Li'i  ti.e  rartL  '.-^j^-.i'iyc 

^■    '    ''.   ;  'r.  : . .'  "li'r  ■irAzy  *.>(  iLr:  t-c-es  '.v.ii 

■  ,       .  '        -  ■•7  I      ■   '" 

J  •      ■'.-•■:■■  -.US  \vrr*r  rinjl-rs,  Newt-^r. 
■-.  ■       .  -  ■  :   ::i'ni'.'ri  (  Art.  lo'^  ».  :l:ai 

''..  vj.    varv  iiiversclv  lis   I'n^ 

-   :.      .•:"..■-  :?iir^.     He  then  iipplieil 

H-  x:ie\v  iliiit  the  iiooclera- 

-    -:•:•.. r-  i??  about  oi  feet  {vr 

■   .  :*.-.-  ::ii.'vm  is  uK>iit  il4«)JM' 

:     ..      ;  :      "-••:li  to  tind    from  iliese 

■  : '      a:.  I    i»t:rioil  of  the   in«x«n. 

■-..*;•-  <  ::iiHf  aud  at  tlie  iU'>»n 

■".:■-■:■'.     'ii-^tances.     At  the  time 

'.    -       :;.;:^  •.:■!:  tlie  rjize  of  the  earth 

.    *   .     .:;.   '•:..  i-!:i   I:r-   f«'und  eonsiderahle 

•..■■  :■  -     •-.      A       :  iiiu'lv.  he  hiid  the  suh- 

.'.-•"•  \\     '-..-.  •■.;:■:,.  ■■  ■::  i:;^*-  •»!  Pieard's  measures 

;.■',■■  .  !;.    ;'■'.■;.- ;:.-.i  ;..  tl..-  ■ ; ^iv-i :• -.'i  aiul  Verified  the  rela- 

h«    ii.'\t   -t;i'/..  Ill  N  •■•.•.  ;..»i:'.-s  w.,rk  on  tlie  hnv  of  srraviia- 
hf'fuh  ni  I 'IT'.'.  wlii'H  \i«-  \)VuvvvV  vlvvVl  if  a  hoitif  mores  suh- 
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matkal  Principle  of  Natural  PhUoiophy')^  commonly  called 
simply  the  Prineipia,  waa  composed  in  1685  and  1686,  and 
appeared  in  July,  1687. 

It  is  impossible  to  give  in  a  single  paragraph  nny  adeqaatr 
conception  of  the  great  discoveries  contained  in  llie  Principia, 
or  of  the  exceptional  talents  required  to  develop  them.  In 
an  introduction  of  about  twenty  pages  Newton  defined  must, 
momentum,  inertia,  forces,  the  law^  of  motion,  and  referred 
to  his  experiments  in  support  of  tliem.  Then  in  Book  1 
he  treated  of  the  motions  of  bodies  in  general  on  the  basts 
of  his  general  principles.  In  the  eleventh  section  he  gave 
the  basis  for  his  treatment  of  the  motion  of  the  moon,  which 
is  one  of  the  most  difhcult  problems  in  celestial  mechanic;). 
Airy  has  said  that  it  is  the  greatest  chapter  on  phj'sical 
science  ever  written.  However  that  may  be,  it  is  certain 
that  his  results  have  scarcely  been  extended  by  the  geo- 
metrical methods  which  he  employed  in  the  more  than 
200  years  which  have  elapsed  since  their  publication.  The 
reason  is  due,  at  least  partly,  to  the  fact  that  investigators 
have  universally  adopted  the  more  powerful  methods  of 
analysis  introduced  by  the  French,  but  whose  foundations 
Newton  himself  laid.  In  Book  II  he  treated  of  the  motions 
of  bodies  in  resisting  media  and  related  problems.  In  Book 
III  he  applied  Ms  matliemntical  results  to  the  phenomem 
of  the  solar  system.  After  showing  that  the  moon  is  at- 
tracted by  the  earth,  the  planets  by  the  sun,  and  the  mooiu 
of  Jupiter  by  Jupiter,  he  proceeded  in  Proposition  VII  to 
the  general  law  of  gravitation  that  everif  particle  in  the  tolar 
system  attracts  tvery  other  particle  with  a  force  which  is  pro- 
portional to  the  product  of  their  masses  and  which  variti 
inversely  as  the  square  of  their  distance  apart.  Newton  om- 
fessed  his  ignorance  as  to  the  cause  of  this  attraction,  and  it 
is  not  yet  known. 

161.  Value  of  the  Law  of  Gravitation. -r- The  value  of  a 
geiieial  principle  depends  upon  \.ti«  umvuWx  oi  known  phe- 
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k  it  oo6nlituit«s,  ami  tiiioii  the  nliility  it  give*  o 
make  predictions.  Ix't  lis  cuiiiti<lc'r  tlie  Ihw  of  Ki'^vitBtion  in 
tl(e*c  rwipectii.  Newton  shuwvd  in  tlio  Principia  how  every 
known  pbcUDiocnon  of  tlio  motions,  shapi'M.  nii<l  tidies  of  the 
InMlicit  of  the  Molar  systom  could  be  derived  from  it.  ft  became 
in  tliti  lianda  of  hi5  nucceasors  one  of  tbo  most  raluablfl  monna 
of  iliwovpr}' ;  Kntl,  if  wo  are  ever  able  to  find  out  with  cer- 
tainty what  luu  bi'vn  the  evohiiioti  uf  the  Holur  syHtem  and 
what  it  will  bo  in  tW  futurv,  \vv  shall  \i*c  the  law  of  gravita- 
twin  aa  an  CNientinl  iirinciple  in  thn  <lis('ussi<)n.  Thv  full 
meaniDfT  uf  sm-h  Htutements  can  ho  coniplrtoly  nnderstooti 
nnly  with  a  thuruugh  knowleilgu  of  the  problems  of  pbyaical 
•cirnce. 

The  law  of  gravitation  waa  undoubtedly  Newton 'a  great«at 
diacoverr.  and  the  im|H)rtanre  of  his  iuvoMtigations  can  ba 
:nferrvd  front  ttw  MatomentM  of  c(iin|H'tvnt  judgrx.  The 
i-nlliant  German  scIiuUr,  I^ibnitr  (l(14t>-171t!).  who  wiw 
Nfwtou'a  bitterest  rival,  said.  "  TiiVinj;  matliematica  from 
lite  bc^ning  of  the  world  to  the  time  when  Newton  lived, 
what  he  had  done  waa  raurh  the  better  half."  The  great 
Frvacfa  nuUbematietan,  l.agntnge  (1T>S6-18I3).  one  of  the 
oMston  of  oftleatiat  mMhanic-«,  wrote,  •*  Nowt4>n  was  the 
grnataat  gonioa  tibat  ever  oxistod,  and  llie  most  fuKunat«, 
for  we  aw  not  find  morr  tlinn  once  a  ayatem  of  the  world  to 
««tablish."  Tlie  Enitliah  scientist  and  writer  on  the  history 
of  icienne.  Whuwell  (1794^-18t>ti),  wrote  in  his  HUlorg  of  the 
Jmhetif*  SeifHftM,  "U  [the  law  of  gravitatiunj  is  indis- 
putably and  incuni[mrably  the  grcule«t  aclcntitic  discitvery 
evM  made,  whether  wo  IiHtk  at  the  advant'e  wlitt-h  it  in- 
volved, the  extent  of  the  truth  diM.-loM>d.  or  the  fundamental 
aod  natlifactory  nature  of  thin  truth."  I>.'t  us  eom|iare  with 
thme  magiuiitirnt  and  dfM>rri>d  eulogiea  Ntiwton*a  own  Mti- 
mate  of  his  elTorta  to  attain  to  the  tnith:  "I  do  not  know 
what  I  may  ojipear  to  th<t  world ;  but  to  mysulf  I  Men%  V\ 
ban  liHtn  oolylikea  boyplayingon  t\te  Kaa!ku>n,»&^^'<«t^ 
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in*^  myself  in  now  and  then  finding  a  smoother  pebble  or 
a  prettier  shell  tlian  ordinary,  whilst  the  great  ocean  of  truth 
lay  all  undiscovered  l)ef()re  me."  There  is  every  reason  to 
believe  that  this  is  the  sincere  and  unaffected  expression  of 
a  i^neat  mind  which  realized  the  magnitude  of  the  unknown 
as  compared  to  the  known. 

VKIMKICATION    OF   THK   LAW   OF   GRAVITATION 

162.  Character  of  Orbits  described  by  Bodies  moving  accord- 
ing to  the  Law  of  Gravitation. — (ieneral  principles  are  dis- 
(M)veriMl  by  inductions;  they  are  verified  by  deducing  their 
('(>ns(M|Ucnces  and  comparing  them  with  observations.  The 
(M)iisc(jucnc(»s  wliich  flow  from  the  law  of  gravitation  are 
nl)taiiic(l  l)y  siicli  diilicult  mathematical  processes  that  they 
can  l)c  cxplainiMl  licrc  only  in  <jfeneral  terms. 

1'hr  liist  pioMcm,  which  was  solved  by  Newton  in  the 
Pr'nn'ii>}<K  is  to  lind  wliat  the  character  of  the  curve  must 
\)(t  if  ilic  f(»i-c«'  to  which  the  body  is  subject  varies  inversely 
as  the  s(jU5irc  of  the  distance.  The  answ-er  is  that  the  orbit 
always  will  l)c  a  conic  section,  however  the  body  may  be 
started.  The  curves  wiw  called  conic  sections  because  thev 
niiiv  all  l)c  ohiained  hv  plane  sections  of  circular  cones, 

163.  The  Conic  Sections. — The  simidest  conic  section  is 
the  circle,  which  is  the  intersection  of  a  cone  and  a  plane 
pei'pi.'udicular  to  its  axis.  When  tlie  plane  is  inclined  a 
little  from  tln.^  per[)en(licular  to  the  axis,  an  ellipse^  whose 
piojKrrlies  have  hecii  d(^scril)e(l  (Art.  100),  is  obtained.  If 
th(»  iiiterseetini^  plane  is  j)arallel  to  one  side  (an  element)  of 
tlut  cone,  a  curve,  called  a  parahola,  is  obtained.  If  the 
iulcrsectin^  j)lan(»  is  inclined  to  the  axis  less  than  an  ele- 
ment, so  that  it  intersects  both  branches  of  the  double  cone, 
the  hifperhola  is  obtained. 

A  parabola  is  a  curve  such  that  the  distances  of  every 
point  on  it   from  the  point  (focus)   F  and    the  line  L  are 
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jiul.  It  extends  to  ioliuity  in  the  directinn  opptKl 
•■.x^  to  L.  One  mny  tliink  of  a  cinrle  lu  being  ut^ 
llipae  whose  foci  have  united  at  the  renter; 
>  |iftntbolit  way  Iw  thnnglit  nf  an  lioing  nn 
Ji|iae  one  of  whtiM)  foci  hoa  been  removul 
(■•  infinity,  lu  two  amiH  bc<:oma  iiltimutcly 
IMralM. 

The  liy|>crboU  uonaiata  nf  two  sets  of  syni- 
tQctriist  bmiiohes  exlendinf;  to  infinity.     It  i» 

dt^fined  l>y  the  propt^rty  that  the  dif- 
ference tif  the  dlstuni-es  frum  any 
point  on  it  to  two  fixed  points  (foci) 
f  ami  f  ia  conMant.  One  may 
think  of  it  an  Iwing  an  ellipse,  one  uf 
whose  foci  haa  l>een  removed  to  infln- 
ha  ai  ily  along  tlie  ninjur  nx'ti  anil  lihui^lil 

iHW'k  fri>in  thi-  opixwilc  dih-i-lion. 
IH.  Character  of  the  Orbit  depending  on  the  Initial  Condi- 
tiHK.  ^Tbn  conic  tlut  a  Inxly  niovM  in  when  anhjert  to  a 
givm  force  depends  entirely  upon  its  initial  ptwilion,  direc- 
tion nf  mntinit,  and  velocity.  Suppoae,  fur  example,  that  a 
number  »f  btxliea  are  wtArled  with  u 
wrie*  of  vHoi'itim  at  a  i^iven  diaUun^ 
from  tite  mn.  and  at  nf;lil  ait^hit  U>  the 
litMt  joining  their  initial  iHwition  witJi 
the  sun. 

In  Fiff.  84.  S  represents  the  sun.  which  / 
■i  tlM  center  of  force,  and  A  the  (Miint  \ 
(  projection.  For  a  certain  velocity 
il.r  boily  will  describe  an  wllii>He  JP,  ; 
for  a  nmffle  ^reaU-r  vvlueity,  the  cirele 
</,-  fur  a  slill  );n-ater  velocity,  an  r\- 
li|«e  E^:  for  a  partitmlar  greater  vtlito- 
Uy,   the    fianlfola   P;  and    for  a  still 

relodty,  an  hyperbola   B.     There  are  bcsidca  t« 
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■<-*.  mill  t&e  oHmu  i»f  M  that 

<  ircltn.      Tbe  orbits  nt   the 

<;iw!^  parabnlaa,  or  in  sotne 

f '(iiuM|Eieitciy  tfaere  is  Lbns 

1  otweiTUioiu  aati  Lhe  Saw- 


:••  am.    T&tt  ariu  wnvU  ba 
[1  wini!l»  tbm 
-  >niswl 

:l>o    'i  I  -itrTaiiftlC  liiM  perpandinUar  to  the 

licw?  >'  <  '•••  ^itmiiKmA  as  beii^  cfae  lima  an 

ibn  Lr  >-^r^'.)Li   (lenune  sm^ilKr.     If  cfais 

'   Imrty  i-r  dineiiaD  Efan  at  a  n^t 

unfftf  ■•■  ■■d  powtton  aaii  tba  son.  the 

nrhtt  T;on,  iu  cfamaeCer  depeniiing 

iiprtn  ■ 
Tl- 
TV  {„  > 
MkVltitf^    ir" 
WMnrttii  »r«  ei '  I 

fur  pprf<?pt  ajfivpini-n  (   (--r 
tonian  liiw  r>f  j^nvitniitm. 

T})*'  (^rmnpntifi  '>|iininii  often  in  haitl  that  the  orbits  of  tlm 
fp|«rM*tfi  wotil'l  J#  frin-lwi  pxo«pt  for  tlwwt  nitittul  diatorlmnces. 
'I'll©  ]ttftt'>m^ntA  made  above  show  the  fallacv  of  this  idea. 
Il  wrml'l  1»«  mo«t  r<>rn)irk3l>l<>  if  ll»eir  i>rbit.t  irere  circles,  for 
llj«trfl  In  hnt  a  iiin(fl<^  tnitinl  conHitirm  whtt^h  will  {pre  s  or- 
Pfiliir  orWt  ihrotijrh  a  jfivtrn  pwnt,  while  im  indDitT  of  veloci- 
ties will  jflvB  (^llijiflw  throiijjh  ihe  ptnnt.  One  raigbt  aa  well 
vxfMdt  tci  find  all  the  trera  in  a  natural  furcBt  growing  ia 
rown  mtmin^  imrth  anti  nnnth. 

Soitiff I ifflHH  it  in  thniinht  that  the  matnal  attractions  of 
Ih"  philietH  kcej)  the  ayitivm  in  a  wirt  of  iMlaiice.  aud  that 
If  uno  jiUmit  wtirij  mmovcd.  Ilie  nmiainder  would  full  into 
Hio  HUM,  Allhotiffh  thsy  do  influence  the  motions  •>[  eiu-ii 
nlhor  tn  nrun*^  extent,  the  idt^A  is  entiroly  false.  If  all  tlie 
pliiitntN  dxoopt  thd  mirth  were  in  Home  way  destroyed,  no  on* 
I  lull  nri  HHtinnotntT  "t  n  vinowhat  attentive  observer  of  tba 
ftlli;'  wiiiild  iiotlno  nny  (lifTeretioe. 
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-  ..:.j.'-  ■.^/.:,  :L»-  ::x:. ::»;!::  :  and  ihen  :".-.-  >:...\!..:.'^* 

'.'-I.:::!:;;:: il  .trociemtioii   ^   :.s;  .:r.  :.  :- 

:'-.;-'  i  ii:tr4i..ii«.in  of  ihc-   <"*:-.  :  :■  :..Akf 

j.v  j:--. *.•■:.      J!.'-  V-!  ..iiv  :<  •.-••nstaiiilv  :r.- :r. -.>•:-■"..  .i:.: 

.:_;••..:.  .;•.  •.:,"  :-':.\.'r'.'.'H  jf'int  P.     The   vel-'..::v   i?  ^ 
•  .1'  *!.!-  :  ■•::.*  i\.\\  ti.v  i-iiirifuiritl  iii-oeK-niii.-ii  :<  z^.riu^: 
:':.-■  ,i'-'--. ■•:.■.*:":.  >•:'  ;:.'•  >i.iir>  ;itlr;u;ti«»n.      C.''»i;>t-. ;;:•:■:-:'. v. 

'  -  .ii:    .::._'!■-   J-:-  ijl'-r  ll..iii   1*0"   wiili   the    tanet-nt.       T:.-. 

•  .   .-     i-.  .••■.i--.i :   Til"  aiJirli'  l)fl\vi.'fn  tlif  railiu>   vt-^:;': 

:.•■  1  ;:.■.'•:. ^   :■•  tin-  -il/ii   in«;iva>es  for  a  while,  :hon  i: 

■  .1 —  .•:.  i  .;:■;.]■";»■;..->  '.»«i"-  as  ihi-  hiuly  iipproaolies  ^4.     A 

.  .'.> 'I.-'   .--!'.i;  -i.-.\v^  iliiit  thf  [ihiiiet  will  i»a>s   thrMiii:ii 

':'.:'•.:  '.':.''  >.'.:i:'-  \»1im  iiv  aij«l  «.lirecti«»ii  of  moiion  as.' 

I.-  ].! '  '■■■'i:!,::  I'-VMluii'tii.     The  motion  in  the  seL-un-i 

...  .:;ii:   i-   i.:«' i-.'ly  tlu*  npjuisite  of  that  in  the  lir^ 
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"!  :'ii  !-  ,1  liiiralmla  anil  that  P  is  the  perihelion 
.■!-':iv  t.i'  ilir  ])udy  at  P  is  greater  than  it 
;  ■.'.■■If  iii-»\ijiir  in  an  ellipse.  In  fact,  ilio 
■n'-.i  :i  ;.i  i'.irlii'ii  is  h-ast  in  the  circle,  aii'l 
5  1.1'  i  ■ '-.ii:  iiiii\  of  ilu*  ellii)se.  It  is  greater 
-•liil  ih  ;i    j..iiMi.'i!,i.   I,r:ij'_;    1.4---   limes  that  in  a   circle,  an»i 

\'..i<  \riii'-:!y  i> '-x il.-d  l»\-  th;ii   in  ilie  hyperbola,  where  ii 

i:i'i';i>r-  iii'lriiiiiiijy  ;ix  1  lii*  r'.iiA  r  apjiroaelies  a  straight  lim*. 
I  iiii>,  ill  lin:  «';»>■  (,r  i!:i'  j..iial)"la  the  attraction  of  the  siui 
In  n'»l  ^intiriciil  t'»  rlfstruv  ilir  iimtion  of  the  bodv  awav 
tVniii  ii.  'I'lir 'lii'iM-iidii  (»t"  iih»ii..ii  is  rhanged  until  it  iilti- 
iiiuti-ly  (•(»iijcirl''-i  wiili  iliai  li-nn  \vhi(*h  it  came,  and  tin- 
\«-lM(ii\  t lii'Mi'ctic;illv  l)('(Miiin's  y.i'Vit  at  iniinitv.  In  the  cast- 
nf  ilir  h\|»('rlMila  llir  Vfloriiy  i\\  /'  is  still  greater,  the  attrac* 
tinii  of  tlie  sun  docs  n<jL  ehaULCr  the  direction  of  motion  to 
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be  at  least  six  million  times  that  of  light,  and  a  more  reeeit 
discus-sion  bv  Lehmann-Filhes  has  confinned  these  concliisioDS. 

167.  Gravitation  among  the  Stan.  —  The  Ne^rtonian  lav 

of  gravitation  is  usually  stated  as  holding  throughout  the 
universe,  and  it  probably  does;  but  the  proof  is  of  no  such 
absolutely  certain  character  as  that  which  is  given  for  the 

solar  svstem. 

At  the  time  of  Xewton  the  law  of  g^^itation  was  believed 
to  prevail  among  the  stars  because  it  was  thought  they  wen 
Hiins  much  like  ours.  The  spectroscope  has  greatly  strength* 
cned  this  opinion  by  showing  that  the  stars  contain  a  number 
of  fjiiiiiliar  elements. 

The  law  was  proved  for  the  solar  system  from  the  motions 
of  the  ])htnets.  In  the  last  100  years,  and  particularly  in 
tlie  last  2ij  years,  many  cases  of  two  stars  revolving  around 
their  center  of  gravity  have  been  found.  It  is  impossible 
to  d(;tern)ine  the  relative  orbits  with  precision,  but  the  results 
so  far  obtained  show  that  the  attraction  is  either  the  New- 
tonian \n\v  or  one  in  which  the  intensity  of  the  force  varies 
with  the  (lireetion  of  tlie  bodies  from  each  other  as  well  as 
with  their  distances  apart.  It  seems  entirely  unreasonable 
to  sujjpose  that  tlie  attraction  depends  upon  the  direction. 
an^l  if  it  does  not  the  Newtonian  law  must  prevail.  Although 
the  j»roof  is  not  absolutely  conclusive,  astronomers  unhesi- 
tatin;,My  adojit  the  theory  that  the  law  of  gravitation  is 
universal   in  its  ai)plieation. 

168.  Perturbations.  —  If  the  planets  were  subject  tone 
fonu's  except  the  attraction  of  the  sun,  their  orbits  would  be 
stri(;tly  eIlii)S(;s,  but  thev  attract  each  other  just  as  they  are 
attraet<Hl  by  the  sun.  '^Fhese  mutual  attractions  cause  them 
to  d(^part  sensibly  from  elliptic  motion,  and  these  deviations 
are  called  pfrturlmtionn.  The  moon's  orbit  around  the  eardi 
is  much  more  greatly  ])erturbcd  by  the  sun  than  the  orbits  of 
the  planets  are  by  each  other. 

The  problems  of  the  mutual  perturbations  of  the  planets 
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tlie  illustrious  niathematioians  who  have  thus  far  appeared, 
could  have  extracted  from  the  intricate  tangle  of  phenoraen* 
this  master  ])riiieiple  of  celestial  motions. 

Tlie  planets  do  not  move  exactly  in  ellipses,  or  in  aiiy 
simple  curves.  In  fait,  the  v  prohahly  never  revolve  twic^iD 
preciselv  the  same  orhiis,  vet  it  has  been  found  eonveniew 
Innh  in  tlie  mathematical  analysis  and  in  popular  descripiion 
to  spi»ak  i>f  them  as  always  moving  in  elliptical  orbits, 
hut  in  nni»s  whi)se  [)ositions,  shapes,  and  diniensiims  c<^m- 
sianily  chanLre.  It  is  something  like  considering  motiuu 
in  a  rircK*  as  phvavs  ]>eini:»'  in  a  straight  line  wliose  direction 
(.'hauLTi's  coutiiiUiilly  in  the  same  way.  The  problem  of  j^er- 
iurl.)atin!is  is  i«>  determine  how  the  elements  of  the  variaok' 
i'Ui[ili»'  nrhils  rliaiiLT*'  with  the  time. 

169.  Variations  of  the  Elements  of  the  Planetary  Orbits.— 
Tlic  plaiu'ts  a  If  tMra*^i<»iially  near  each  other  in  tlieir  orbits 
inr  s!u»ri  linu-s.  an«l  tlicii  very  far  separated  for  longer  in- 
ti'ivals.  W'liru  llicy  are  urar  each  other,  their  mutual  piT- 
turl»aii»>]i.N  arc  ui'iMtr^i.  This  approach  and  recession  gives 
ris.-  i'»  ]».'nurlMii"ii>i  \\liirh  oscillate  one  way  ami  then  the 
I'tlh'i-  atirr  a  U'W  rf\  "liitions  of  the  planets  at  most,  and  tht-y 
air  caii^Ml  >•/.../■/-/',.'•/./  nrrfurhatioim,  or  inequalities.  Thev 
ar«'  a.]\v.!\s  -^^lall,  .uiil  l>i'»ai.wc  of  tlieir  oscillatinsT  character 
ilirir  i'!t\- is  nil  ilu'  <\suiu  an*  not  important.  They  atfeci 
all  :l;r  i-K'iih'iit^  ot'  tlir  or]>its.  The  law  of  gravitation  is 
xi'iiiirtl  ])\-  I  111'  fa.'i  tiiai  ohsr  i-val ions  agree  with  the  hiin- 
•  lit'tls  of    >lh>rt -period    iK-rturhations    which    theorv    shows 


.NimiilJ  i'\i>i. 


TluTi'  is  allot  lior  i  la^<  ^^i  jMTturhations  called  loHif-pervA 
Inr'iinih'fl,  s.  'I'licy  aro  likt'  tlir  short -period  ine(]ualities 
r\ii-|.(  that  in  ilus  r:i>io  tlu'  r-lriin-nts  vary  in  one  directi»Hi 
h»r  Iniihlrrils,  and  in  >niiir  tast^'^  rvjMi  for  thousands,  of  vears. 
Tlu'v  ari.sc  ulu-n  tin'  ]«iant'ls  ar«'  in  conjunction  at  intervals 
<»f  only  a  few  ro\oliuions  in  almost  tlie  same  parts  of  their 
orhiis.     The  nh)st   remarkable  case  of  this  kind  in  the  solar 


TIIK  I.A»'  OF  OtiAVlTATlOX 

I  that  iif  Jupiter  niitl  SAtiini,  which  liuve  a  loii{f 

haxlity  of  Dltout  ttOO  yeitra.     The  irn-KuLiirity  hud  been 

1  by  llttllvy  (who,  of  cnurM.-,  ilid  not  know  it*  [leritxl), 

I  lirat  ex|iUitlH-(l  by  I^pinco  in   1TH4.    The  wholn 

btton  of  Jupiter  is  lew  than  half  n  degi«e,  and   that  of 

II  about  threc><|iiarttira  of  a  (le^^roe. 

«  ihinl  clniut  of  (lii(turbanc«K  known  an  teetilitr  per-  I 
UivHM,  litx^aiDKi  thvV  continiio  inditfiiiitely  in  one  iliri'ctiou.  f 
1  ia  not  Btrictly  true,  for.  nolwitliHtHoding  the  form  ia 
ii  h  tbi-y  npiM-ar  in  tliu  ordinary  analyiiiM,  part  of  ihciu  are 
I    ci-rtain     phasi-N    of    exlremt'ly    long    oBciUatioiiK,    aa 
ukj^M't*  and  La)|{raii)(o  sbowud  at  the  end  of  the  eighteenth 
OKDlory.     The    r^tult   of  greateKt   itnportMiice   in   Uiut   tlio 
tnaJ4ir  axeM  of  the  pluueli*'  urbiut  liave  no  direct  nor  ttecontl-  j 
■rv  wH-ular  jwrturbutionM,  from  which  it  can  be  vhown  that 
'    {icriiMU  of  revolution  around  the  bud  liavo  no  aeoular 
-Mliona. 

[ho  eeoontricitiM  of  the  planetary  orbits  change  in  on« 
way  rery  slowly  for  inimenne  |>rritKU  of  timft,  and  then  in 
Um  other.  The  |ieri<MLt  of  thewt  oM-ilIntion«  for  the  varioufl 
pUoetA  differ  grvvlly.  and  the  rciiintricitieM  of  wmie  orhit« 
•TO  incrviuing  whiln  th<nw<  of  Dlhem  are  dtrcreuin);.  At 
imarnt  thi<  rct-vatncity  of  thet-artb*a  orbit  is  dei'rciuiin;^,  and 
it  will  rMluL-v  to  aUiut  0.U03  in  24.000  yeiara.  Then  it  will 
incniaM  for  40,000  yenm.  when  it  will  be  about  0.02. 

Tb«  inditvatiomi  of  the  orbiu  of  the  pUnuta  lo  the  plane 

of  the  ecliptic  owiUate  in  the  tHtme  general  wuy  a»  the  ecceu- 

tnritien.     The  variationR  ure  amall  and  take  place  in  very 

long  t>criodii. 

The  node*  and  jftTihelia  change  ennlinuniMly  in  on*  direc- 

n.     The  nmlcut  of  the  orbiia  of  nil  tlu:  planets  move  in  the 

r  I 'grade   direction,  and  all  the  perihelia  advaniw  exoept 

iMi  of  Venufl.     Their  pcriixla  of  revolution  ore  counted  by 

Sand  boadrwda  of  thoiuanda  of  yearn. 
I  bioking  tner  thew  reaulu  one  iiifllruek  by  the  faet  tluit 
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all  tliov:  t:h'Uit:Ji\<  wliose  .sub<iantiiil  constancv  is  Lc^.r^virT 
in  opJ«-r  iliiii  ili'r  system  umy  maintain  its  general  cL*i:i'.'i«:> 
i,-Tj«;-»  Ji-sf.-iiJui'.'  iliiui^^h  narrow  limits,  while  iL«:»stf  'wi-r: 
vuiiiiiioiiS  jjiakc  "iily  uninij^ortanl  changes  in  the  sys-ri. 
hj-'v'-'-'l  in  *}U*t  <1i]'ef'ii«»n  i!i>l»,'linitelv.  Clearlv  if  the  Ti.i'-r  I  ' 
jix'r.-s  'oniiruiiill  V  in(.r«ra.s»;d  «»r 'leoreased.  the  ehanjres  wou!»ir*: 
<!i-ii^tr<;iH  t.M  ilj«;  ifaiilj.  If  iho  ect-entrioities  increaseJ  i> 
n«  liniti.ly.  iij«;  ]^<-i iiiirlia  wouM  approach  nearer  and  neait::- 
iij«;  ^iin  :  tin;  nrbiis  would  cruss  and  collis?ious  niig-ht  eiij'-ir.  \ 
]i  tl]«:  in'iinjili'in>  \v».'nf  tu  change  greatly,  the  mutual  inic:- 
;i«-iioi]'  oi"  i}m-  i'Iiin«;t>  wuiild  b«:  entirely  altered,  altlioueh  ■.■•:e 
w'lui'l  n'»t  >;»'.■  liiai  ilici»;  wouM  be  anv  direct  effects  whi-.L 
w'H.M  hi-  rli.-.'i-tniii-,  lu  any  jilanet.  The  positions  of  ti.*.' 
n'''i«--<  ;in'l  jM!i!j'-li;i  ;ir<*  nf  liithj  consequence  for  tlie  gent-rj! 
rli;ii;jr-icr i-1  i'-'i  i.f  Hh;  >vsi»'ni.  and  iliev  are  the  two  elenicni^ 
V,  lii'!i  «Ii;vfi'_;«-  «-«iii!ifinjilly  in  (»nc  direction. 

170.  Variation  of  the  Elements  of  the  Moon's  Orbit.— 
Till-  fH-ii  u!  !.;ii  ion-*  '»i"  \\n:  ninnn's  orbit  are  in  a  sreneral  av,iv 
ijiihli  III:'-  tln.-r  nf  1  111-  jil;in<-lary  orbits,  but  the  disturbaiiL-e> 
Jill-  iiiii'li  ;^r»Mi.«.'i-.  In  ;i'hlition  t(j  this  the  moon  is  so  near 
!«•  11^  tliiit.  iiiin-li  .Nhiiillfr  in«'r|iialitics  can  be  observed. 

Ill  iIj<'  Mfljju  <if  I  he  jihincts  tlio  perturbations  are  small 
lirr;i:i  r  I  lie  c  1  isl  u  1 1 »i n;_;'  inassi's  ar(»  small  C<mii3ared  to  that  oi 
il lui;  in   tin-    niMdn's  r.rbit    the   [)crturbations    are   fairly 

in<ill  Iji'Miisf  th<'  (li>t  nritiiiLr  ImhIv,  Ihc  snn,  is  so  remote  com- 
Ii.iir«l  III  {In-  jMoon's  di^tjinri^  from  the  earth.     But  these tw" 

iiiiplit ;,  in;-  cirtiiin^lMficfs  tjpcrnli*  «|uitc  diflferently.  While 
Mm-  !■' i.inliiiy  prrinri^jitions  <»f  thi?  j»hinctary  orbits  are  gcii- 
I  i;«iU  III- ^•ll^^illl.•,  it  is  in»l  ill  all  the  case  in  the  orbit  of  the 
nituMi,  w  lii-rr  p«  r!  nrlial  iciiis  nf  many  onh*rs  must  be  computeil. 
I  In'  sun's  ;i!  dad  inn  makes  the  Icnirth  of  the  month  nearlv 
an  hniii- Inn'.n-r  than  it  wnnld  nt  hiTw  is(^  be.  All  the  elements 
nndriijn  shnii  pt-i'ind  prrt  nrliatiniis,  but  none  of  them  hi\> 
srcnl.ir  incipialit irs  exeepl  the  |)iTiLr»'C  (corresponding  to  the 
;>erihj'Jii»ji ),  \\hicluH»n\iuuAV\\  ■AA\'A\\v:,cs.vv.\A'v\\^w<a»\ft,'^,  which 
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173.  The  Secular  Acceleration  of  the  Moon's  Motion.  —  T'..- 

j-r."  ;:     ;*.   :.  ..•■:•■'■'■:; -i-ir-i-r- i  is  "I  llioaiiie  uTviieiiil  o:;.iM  :•: 
;i-  V.  —  *.-•■:•■  I  ::i  ti.--  l.i-t  iirti«.le,  lliouu'h  it  is  S"ii:v\v:...: 

I     .■.•■■■      "  •■  I 

III  •  !.!■  ■■  la 

I..  >'..-  •::'.•.  Is::  .■■'  tl.»-  f:.:]itc»'ntli  centurv  Hallevfouiil 
i:  >  ■  .  ■:  '.:;  '.•■ni  .;ii«liii«»«K'nu*i.-lipses  thiit  tliL' mv.ri 
■  ■:  '.'..':  !..■■•:.  i-  ■_:!•. ii  1  :Ki  11  y  innvasing.  It  was  n«.ii  t-x- 
;.'■!■.  '•:  ji.t\:r;iii«»n  until  ITST.  when  Lapliui* 
i-  'i  ;•  ;.'  liiL-  !';ti.t  that  the  attractions  of  th'.' 
■  ii:'..  ii:--  '-.iii'-iriL:  thr  t*i*i-fiitrii.-iiv  M  it^  orln: 
:•  ;  .1-  :  riii-;  •linuiiishes  the  averatre  JLv 
'.'..'■  ^1:1.  'J'Ik-  jiertiirhations  ])y  tlu*  sun 
;i.  ;:^l  f  A:*.  17«»).  Wht*ii  ihcv  become  less  tl:** 
':i;'  -  *i.  ■!!■  :  ..M'l  :lif  iiiocm's  motion  is accelerali*«l. 
••  ■  ■.::ii.;:- .ii-l  t!..-  (pu'stioii  is.  The  Small  unljai- 
■•■-  "t  i!.'-  .1!  I 'i-.i-i  JMhs  <'f  the  planets  for  the  earl  li 
'■■■'.:!:"  i:  "I"  ii-  '>iImi  to  oseillate  with  a  jKM'iinl 
^  ■■  I'l-  "I  1  ii'iii-.iinU  nt"  vi-ai's.  While  the  rect*ii- 
'I"' ;  •  li-Mi:;^'.  :i:'-  ilisiiiil»iiiL^  rtlecls  of  tlie  sun  are 
'  I:.iii';'-<1  -..I  li.if  il;.-  m.)iii:">  iiii»!ii)ii  iucn*ases  ;  when  the  iv- 
«■•  I'tii'  il  .  i  »•■■_;!  II  >  ti.  iiiii'.  ;;-N.'.  ili«'  moun's  motion  will  Invoin** 
•-l"'.N'r.  'I  li«-S(-  '|ii»>i ii)i!>  ;ii-r  iii\i»lvM(l  in  the  tlieorv  *>f 
rili|.<i--<.  :iiiil  it  is  iiiil\  l»'v  111. MDs  nj"  ilir  law  of  gravitation 
liiiii  ^ih'li  [»liiiiMiiM"ii;i  iM!i  1»«' j)ii'iliiiril  for  Innjf  periods. 

174.  Unexplained  Phenomena. —  Nutw  itlistamling  the  thou- 
sainU  nf  1  riuiiiplis  nf  iln'  liiw  *>['  ,LCia\  iiiitiou,  there  are  two  ur 
Xhvrr.  small  irn-gularities  of  motiuns  whieli  have  not  yet  beon 
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-hown  In  follow  from  it.  Tlio  muHt  rvtnarkaUe  t-xunple  w 
■  tut  nf  tbuinutiou  of  tlie  perilicUouof  Mert-urv's  orbit,  whicli 
:ti<-  otiwirvatioiiii  kIiow  ih  about  41"  per  century  greater  thttn 
"ut  (»un(I  from  the  umtheiimltciU  discuAsioiiii.     Tlie  cauao 

1  ihiD  4li»aKn)«ment  lit  nut  known.  It  inity  liure  it«  Bourea 
in  thv  iin|N.>rfDcLion8  wliieli  Hlill  •.■xLsl  in  tbu  thuuryof  portur- 
bfttioiu,  tiiuugh  thin  docs  not  aewm  at  nil  prubnblu.  There 
nuy  I'd  •nine  disturbing  cause  yut  unknown.  If  there  were 
:\  <u*riv«  of  small  ]>lftiictit  nearer  to  the  nun  than  Mercury  i«, 

I  ■  duBsv  rin^  of  motcorH,  the  inutioti  oonid  W  explained  ; 

It  then  tbeorj'  »howH  tluit  there  uliould  be  other  irre^ulari- 

■  '*   nf  motion  which  have  not  been  obwrved.     It  may  be 

.It  the  law  i>f  {gravitation  in  not  exactly  true.  For  example. 
'  may  depend  upnit  the  velutritteit  of  the  uttnu-ling  NmIii^. 
.'~.iic»  Meri.-ury  moves  tliu  fiwtetiti  the  efFect«  would  Urat  Iw- 
com<"  Bt-nsiblt*  in  tho  case  of  this  planet.  I'otiaibly  this  very 
•li};ht  residual  will  lead  to  an  important  discovery,  just  as 
th<-  diM-rv|)ancv  of  i^  between  theory  and  ol)Mer^'ation  le<l 
Krpler  to  the  discovery  nf  the  elliptical  form  of  the  orbit*  of 
tbi-  planetA.  However,  the  history  of  such  disafrrvRmentii 
p<iints  away  from  this  hyitotheaia.  Time  after  time  astrono- 
mer* Itave  lusiieeted  Uiat  the  law  of  gravitation  is  not 
pfrfrrtly  exact,  only  to  lliid  iHter  tltat  the  fault  waa  in  the 
imprrfc<-ti(ins  of  th«:ir  mvthodit. 

The  twxt  moat  interesting;  rase  is  the  secular  acceleration  of 
the  moon's  motion  dem-ribed  in  A  rt.  1 73.  I^place  made  a  mis- 
take in  hia  oaloulatinmi  and  his  theory  afjreeil  with  the  obaer- 
\  iiioita.     It  waa  (irwt  cnrr>X'te«l   by  Adamn.     An  correct*iI, 

<>■  theoretical  areelemtion  is  almut  6"  per  century  while  the 
xtMerralionaabow  tliat  it  isfntm  8"  to  H"  per  century.  The 
olMervstional  amnunl  de|>ends  upon  ancient  ecliiMca,  tlie 
n'viinlH  <if  which  are  very  imi»erferl,  and  it  may  very  well  be 
that  most  of  the  disagreements  arise  fnmi  the  errors  in  tlie 
ekriy  obaerratinria,  ur  in  an  incorreol  identifh^atton  uf  tl»e 
•elipaw  neiitiunvd  in  the  aneient-chruDioles-    Auother  expU- 
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nation  is  that  the  extra  2"  to  6"  is  only  an  apparent  accelera- 
tion due  to  a  slackening  of  the  rotation  of  the  earth  from 
tidal  retardation  (see  Art.  350). 

The  lunar  theory  as  a  whole  is  not  quite  satisfactory,  for  if 
the  constants  are  determined  so  that  it  satisfies  the  observa- 
tions for  one  period,  it  will  fail  to  a  sensible  extent  for  both 
earlier  and  later  dates.  The  disagreements  undoubtedlv 
have  their  origin  largely  in  imperfections  in  the  mathemati- 
cal treatment  of  this  most  difficult  problem. 

175.  The  Stability  of  the  Solar  System.  —  A  question  of 
the  highest  interest  is  whether  the  solar  system  will  preserve 
indetinitcly  its  present  general  form.  If  it  does,  it  will  be 
called  stable. 

This  is  a  fjuestion  for  mathematical  treatment,  and  it  fol- 
lows from  the  discussion  given  in  Art.  169  that  so  far  as 
the  theory  goes  it  indicates  that  the  planetary  motions  are 
stiil)le.  It  is  generally,  though  quite  erroneously,  stated 
that  it  has  been  rigorously  proved  that  the  orbits  of  the 
planets  will  never  change  greatly.  The  weakness  lies  in  the 
fact  that  the  ex])ressions  for  the  perturbations  are  known  to 
be  valid  only  for  comparatively  short  periods  of  time  ;  they 
may  be  (juite  misleading  when  applied  for  indefinite  ages. 
Px'sides,  the  ('onclusions  are  based  on  primary  and  secondary 
effects,  and  it  is  not  known  with  certainty  that  the  per- 
turbations of  higher  orders  do  not  contain  the  evidences  of 
verv  remote  but  sure  disaster. 

It  is  very  probable  that  the  best  planetary  theories  will 
fail  in  time,  just  as  there  are  disagreements  in  the  lunar 
theory  after  comparativelv  short  intervals.  The  correct 
statement  is  that  the  mathematical  theory  shows  with  cer- 
tainty that  the  system  will  not  be  greatly  changed  by  the 
mutual  attractions  of  its  members  for  many  thousands  of 
years,  and  there  is  nothing  whatever  to  prove  that  it  is  not 
permanently  stable.  But  the  geological  and  biological  evi- 
dences of  the  great  age  of  the  earth  are  just  as  good  as  the 
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mntli«inaticAl,  though  Uiey  do  not,  of  caane,  give  nny  infor- 
mati<ii)  About  the  way  in    wliich  the  eletuentit  af   iu   orbit 

Tb«  theory  wliioh  luu  juat  been  di»cuftsv<l  is  developed  no 
the  hypotliesis  tliat  the  planiits  are  homogeneous  Bpht^res, 
subjnrt  lo  nu  forcua  whatever  except  their  mutual  nttrai:tioiiM. 
The  f»ct»  art*  that  they  are  of  irreguUr  iletixily  mhI  oblate. 
and  arc  subject  to  a  utuUitutle  of  mnnllvr  influences,  among 
P  which  may  be  mentionc<l  growth  by  udJition  of  meteont,  re- 
I   ibtuiM  doe  to  metcom,  and  complex  tidal  interactions. 

It  is  not  certain  that  ordinary  matter  endures  fnn-vur.  In 
ra<:t,  Htmc  of  th«  recent  discoveries  respecting  the  divisibility 
of  atnms  and  the  pn>pertie8  of  the  element  radium,  ami 
other  sulMtaoces  giving  similar  phenomena,  hu^iwi  that  it  is 
{wrhapB  in  a  state  of  Ininsitioa,  tliough  at  an  exlreraeJy  alow 
rate,  just  as  t)ie  niuuntnins  are  dissolved  by  air  and  water 
arul  earrieal  down  into  the  sna. 

NopfMiUve  Matenioni  can  be  made  respecting  the  stability 
•  •f  the  solar  system,  but  it  seems  to  accord  best  with  all  we 
know  to  suppose  that  it  is  undergoing  what  seems  in  the 
light  of  oar  limited  experience  a  very  slow  evolution,  and 
that  ita  present  condition  ia  traniutonr'  and  but  one  Mage  in 
a  gn-at  M><)uenre  of  evenla. 

17$.  ffiatorioU. —  Newton  discovered  the  law  of  gravita- 
tion and  «a«  the  lirst  one  to  apply  it  to  the  interpretation  of 
tht.-  phenomena  of  the  solar  system,  ilis  first  problem  was 
t'>  treat  of  the  motion  of  one  body  around  the  suu  wlien  dia- 
turbed  by  no  other  fore«s.  Tliis  ia  called  the  problem  of 
two  bodlea.  The  geometrical  processes  he  employed  have 
bevn  supeneded  by  those  of  analj'sis. 

N'ewton  next  treated  the  case  where  there  are  three  bodies 

mutmilly  attracting  earh  other.     lie  applied  hta  methoiU  lo 

-"mpuling  tlK-  motion  of  the  moim  nmuml  the  earth  as  dis- 

itImxI    by    the  sun.      He  sncoeednl    tn    explaining   all    tlie 

iii^|Uabttes  known  at  bis  time,  though  that  rvlaling  tu  the 
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iiiolioii  of  tlie  moon's  pc-rii^t'e  wius  iit)t  published  in  its  eor- 
n-ct  f(jrin  in  llie  Prinriphi,  Tlie  more  exact  solution  was 
f(juii(l  in  his  papers  ulnml  twenty-five  yetars  ago. 

Thr  Newtonian  theory  was  speedily  and  enthusiast ieally 
acct'pted  in  Seothmdand  Knj^land,  but  was  not  received  with 
favor  in  eontinental  Kurope  until  after  its  ardent  advocacy 
l>y  Voltain»,  after  his  visit  to  Lon(h>n  in  1727.  The  Scotch 
and  Kn<rlisli  chinir  to  Newton's  methods  and  made  no  proir- 
rcss.  On  the  Continent  tlie  much  more  i)owerful  methods 
of  analysis  were  beini,^  (h»veh>peil,  and  when  the  law  of  gniv- 
itatinn  was  once  accepted  many  of  its  consequences  were 
sjK-fdily  (h'rivcd.  In  the*  ei«^hteenth  century  the  develoi>- 
iiKHit  of  (M'lcstial  mechanics  was  ahnost  entirely  the  work  of 
tivc  men:  I^uU.t  ( 1707 -178-V)*  it  Swiss,  born  at  Hasle : 
Clairaiii  ( 171:5  Hti') ),  born  at  Paris;  D'Alembert  fl717- 
17S:»),  also  a  native  of  Paris  ;  Lagrange  (173i>— 1813),  born 
at  'i'uiiiu  Italy,  Imt  of  Krench  parentage  ;  and  Laplace 
(17P.>  1xl'7).  sou  of  a  French  peasant  of  Beaumont,  in 
NoiiiiaiKly.  'i'lic  woik  of  these  men  in  celestial  mechanics 
and  niatlicmatics  was  one  ('ontinuous  series  of  triumphs.  At 
the  tiini:  of  Laplace  it  seemed  as  if  there  were  no  more  difli- 
ciiliics  to  coiKjuer,  an«l  early  in  the  nineteenth  century  he 
<r;iili('ri'«l  ti>'4«'tliei-  all  that  was  known  on  the  subject  in  his 
n  1  o  1 1  u  1 1 M •  1 1 1  a  I  \N « » rk' .  Mi''\ini<inr,  Cch'i<te  (  Celestial  3feeha n Ics), 
1 1  is  iirrdlrss  to  sav  iliat  new  [irohlems  immediately  arose, 
anil  that  ihi>liehK  as  well  as  every  other,  is  practically  inex- 
liausi  ihle. 

Dniin''-  the  nin«'teenth  I'cntnrv  the  discoveries  in  the  con- 
scMjiieiiers  of  th(^  law  of  t^M'avitat iou  were  mtich  better  distrih- 
nte(l,  thoui^di  on  th(^  whole  the  French  were  in  the  lead. 
MeiitioniiiLT  (mlv  tlu^  more  ]>ronnnent  of  those  whose  work  is 
tinislu'd,  Fran(!c  had  De  Ponteconlant  (1705-1874),  Leverrier 
(1S11-1S77),  Delannay  (18]t;-ls72),  and  Tisserand  (1845- 
iSiMi)  :  England  had  Airy  ( Iso^-lsii-J)  and  Adams  (1819- 
1892^  ;  Germany  ha<l  Gauss  (1777  lSo5)  and  Hansen  (1795- 
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|.Sw<m1vq   lintl    Oylilen  nR41-lK96)  ;   ami    America 
(1809-1880).       It    K    impoMihIc   to  (jivo    iiny 
r  dmcriptiim  of  the  grunt  aehiovt'inenU  of  Uiosc  uuiiii 
nr  of  the  npid  sdvwiccs  that  are  stilt  being  made. 


177.  The  Tide-rtisinc  Acceleration. — Tlie  tideti  on  the 
canli  arc  dun  to  tho  attntclioos  o[  the  sun  and  moon.  It 
will  be  fiuflicipnt  in  explaining  the  cauite  of  the  tides  to 
conaider  lite  action  of   the  moon  alone. 

IWorr  proceeding  to  the  din^iM  discumion,  a  prclimiiinn* 
thMirvm  is  necewory.  Tf  tien  hotlifi  art  tnhjret  only  to  rqial 
^Mro/M  aertitratioHt,  their  retettitv  pontiont  arr  nut  fkanfffJ, 
The  truth  of  this  (olluwa  at  onc-e  from  the  Inua  of  tootion. 
tiut  it  in  nuule  plainer  by  an  illuHtration.  SupiMMW  a  large 
Ixniy  and  a  autall  liotly  are  dropped  from  a  gtvM  height  at 
the  Hme  time,  aud  that  the  sniHlL  one  is  sturted  five  ftret 
U'low  and  ten  f<vt  nut  of  the  Urge  one.  If  tlie  effects 
•  d  the  air  are  neglectwl.  they  will  keep  the  same  relative 
jxMiiions  until  one  of  them  strike.')  the  bottom,  for  the 
earlh'a  attraction  accelemteH  them  both  the  Rame.  Sup- 
[wee  tlie  RuuM  of  the  Urge  IxMiy  in  ten  timcM  that  of  the 
email  one.  Then  the  earth  nttracts  it  ten  times  am  much, 
but  the  acoeleration  is  the  same,  for  it  ukea  ten  limes  the 
force  to  giva  it  tlie 
Mune  aceelerstion. 

Let   S  (Kig.   1*7  > 
represent  the   center  ( 
of     tlw     earlli,    and 
V  the   moon.     (The 

l:>tanco  of  the  moon  in  grratlr  dimtnislie<l  to  render  the 
.^'ure  clear.)  Consider  the  tendency  of  tlie  moon  to  dis- 
|Jaoe  the  particle  P  on  the  BUrfac«  of  the  earth.  Let  £B 
reproMBt  lbs  Moeleration  ot  M  tux  £  (the  solid  earth  J  in 
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A/;  ...  :  /Vr  '•.:..'  :  i.'.;.!-l  Ji.'j'i  • -lual  do  not  tend  t«i  fiiai::^'^ 
•:.'  .  .  ..■  ;.',  ".i:.-!  «.:  A'  .ii.  i  /'.  smd  tlierefore  caust-  lo 
!,:■  .      I  ;.'    .'«:■..!..'..:,:.'  .1  ■'■••]•  rati' tii  7'^  cannot  Ixr  paired  wiiLi 

'I;.'    \..vi'    '»!    ?:!•■  j!'/ii]4:   wiih  acfcnts  is  drawn  from  prt- 
'     .,-.   ?;.'■     .i:ii«-  ], J  !ii' ■).!•■-.      7^' A''   is  parallel  and  equal  t" 

A7/.  .>ii'l  /''.''  :-  lii"  tii|«-iai^iiiL:  acceleration. 
:    ijij>',  '■    !..'ii;'-     .ij«-   'uiistnuterl   for  points  all  the  way 

;m«.iiii'I   >1j«-  <.iiiij.     '1  |j»-  liiii.-s  representing  the  tide-raisiiiL: 

accelerations  will  Im- 
as  given  in  Fig.  .S>. 
The  method  of  draw- 
ing them  is  the  gcn- 
nietrical  eounterjuri 
of  the  rigorous  niatli* 
ematical  treatment  nf 

tin-   .mIi|.".i,  iiiid  m:i\   Ih'  I'l'licfl  upon  as  giving  the  full  expla* 

II. it  loll   III    till*    rciisnli    liil'   I  lir  ti<l('.<^. 

II  nil.*  iI.mh-,  ;i(iii:ill\  h>  r<»iii|intt»  the  jjositions  of  the 
liiif.  ii  .-.III  r.i'.lU  in'  dnin'.  In  Fi^-.  ST  take  the  distance 
/'.7t*  .irKiir;iril\ .  !•>  ^hc  liiw  of  !4T;tvitatii»n  the  accelerations 
nil'  in\i'i'Nel\  as  (hi*  snuarcs  of  the  distances.     Therefore 
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wboOM 

Haring  locHtwi  tlio  p<iirit  A,  the  lint*  I*<^  is  fnuiiil  l>y  c*ir»- 
ctnicling  l)i«  {Mmlldo^rtim  a*  (Ivaeribnil  iilwvu. 

Tliui  rx[Hwition  shows  at  onco  that  tfaera  is  an   almost 

pqual  l«iMlenty  for  a  tide  to  be  raiHed  oa  the  side  nf  Ike 

L  MTtti  toward  tlie  inooii,  *ad  on  tho  (ipponitfi  Hidf^.     The  dif* 

rvnce  can  nry  rasily  lie  <.'oii)]>ut4-<l  for  tho  two  [>oinU  in 

e  lino  E?f.    The  din'taiict-  E.V  w  about  60  tiin<w  thv  radiiui 

r  tbo  «nh.     Suppose  P  is  bvtwv«.-n  £and  ^Vaiid  tako  JSB 

"  eqiut  to  unity.     Then 

PQ=PA-  J?B-  PA  -  1. 

Krom  efjiuitioa  (1)  it  U  fiiund  Uiat 

If  i"  U  oppomta  to  tlw  moon,  then 

TTiy^  SB  -  P^'  =  \  -  prft 

and  from  equation  (1) 

l^  =  (-J=0....«T4. 
Therefoiw 

i"^  -  0.082(1, 

from  whirb  it  followa  Uiat  PQ  ia  leas  titan  five  per  cent 
IfTvater  than  P'^.  The  difTervncei  in  otlurr  correa{wudinK 
potnta  are  atiil  Icsk,  and  i-iilirch'  vanuth  )*<l'  fruni  tlw  lia« 
EM. 

_    ITS.   Rdatln  Mcgiiltudcs  of  tbe  TMes  T>ise&  \iij  ^m  ^nn. 

■tai  MMtt.  —  II  falhtn  fn>m  th<!  maMCu  of  i\te  ft\n\  ui&  mouvv 
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ami  their  distances  from  the  eartli,  that  the  sun  accelerates 
the  earth  about  IT/)  times  as  much  as  the  moon  does.  Suice 
its  distance  is  l»3,0O0,000  miles,  equation  (1)  of  the  last  article 
becomes  in  the  same  units  as  were  used  in  the  case  of  the 
moon, 

7^  =  P3  -  i'B  =  P3  - 1 7  5, 


PA  = 

rhtTcfore 


'1^ 


P^=0.01ol, 


or  l<»ss  tlian  half  of  that  due  to  the  moon.  Consequently,  the 
tides  raised  by  the  sun  are  less  than  half  as  gi'eat  as  those 
raised  by  the  moon.  The  small  relative  difference  in  its  dis- 
tame  from  tlie  center  and  surface  of  the  earth  more  than 
otTsi'ts  its  i^^reater  attraction. 

179.  Variations  in  the  Tides. — The  tides  far  from  coast 
lin<'s  in  the  ocean,  as  measured  on  small  islands,  are  two  or 
thri'e  fret  liii(b,  but  they  vary  greatly  from  a  number  of 
eausi's.  In  shallow  water  along  the  coast,  especially  where 
till'  tidal  waves  eonvera:e  into  a  bav  or  mouth  of  a  river,  the 
ti(h.'s  Mi'e  many  feet  high.  Agreement  between  theory  and 
obsi'i'vation  is  mori*  easily  secured  where  the  tides  are  not  so 
greatly  moditii'd  by  local  conditions. 

The  most  important  cause  of  variation  in  the  tides  is  the 
change  in  the  relative  directions  of  the  moon  and  sun  from 
the  earth.  When  the  moon  and  sun  are  in  a  line  with  the 
(sirth,  either  on  the  same  side  or  opposite  sides,  their  effects 
add  and  ])roduce  the  high(»st  tides,  called  spring  tides.  When 
they  ar{*  !>n°  from  (^ach  other  their  effects  partially  destroy 
each  oth(M'  and  produce  the  lowest  tides,  called  neap  tides. 

The  tides  in  anv  latitude  viirv  with  the  declinatioms  of  the 
sun  and  moon.  For  example,  their  respective  tides  are  less 
in  the  northern  liemisphere  wJien  they  are  over  the  equator 
than  when  they  are  nortli  of  it. 
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TIm'  liiK"*  vary  with  tbe  rhanjfing  disUncca  of  tlie  sun  uid 

iu<H.in.     Tlie  e<.-(x>nLru!ity  iif  the  uiiKurH  orbit  ih  mtlier  Xiuga 

i  *(.„,r  II  ti.'i  J  aiicl  ito  iliittiuic«  varitai  (.■oiisiilvnililv.     TIio  ikt- 

t  L-liani^  of  tlic  tidc-misiiig  force  is  iivnrly  three 

jH-n.'vnl^rv  of  cbaogv  in  diatatice.     ConNequently, 

..L    iin|Kirtant  monthly  ami  yearly  variittions  due  to 

rniini;r<t   of  dil»tjin<:e. 

All  t)i>-s«-  van-inf;  infliu-iices  combiim  in  a  motX  comiiUcatud 
f.i-lunii.  yet  by  mmimi  of  tliti  law  of  );ravitation  th«ae  evur- 
.i.iii^itij{  jiliennuieiui  aru  nhown  to  HUceeed  each  other  accord- 

_•  to  (t\<ti\  lawn,  and  tht-y  can  be  preilicteil  with  perfect 
.  rliiinty. 

180  The  Lag  of  the  Tides. — Snppono  the  purth  were  a 
» i-i  .'I-  wt  1-  irj>i..id  of  u  solid  covcmd  with  fluida,  the  water 
aiui  :itiN<-^)>li' )<'.  Sui>))ose  the  earth  rotated  faHtiT  than  the 
m<K>R  reviilvoi  iu  the  direction  indicated  by  the  arrow  in 
Kij;.  8ii.  It  would  have  a  tendenry  to  i-nrr)-  tliti  tidal  wavea 
A  and  Boa  Iwyunil  the  lin<'  A'jV.  Rut  Ihr  moon  would  lend 
: ' .  ktfep  L)M-m  in  tha  Hnc  EM.  '\'\w  rvdult  would  be  that  they 
-  iibi  travel  alunj;  the  anrface  of 
'  :ji-  nuth  in  the  direetiun  oji|io»ite 
u>  it*  nitatiitUf  that  ta.  from  «ast^ 
Ui  Wpat. 

Now.  couaider  a   point  on  the  ^^  ^ 

earth'a    aurfoce.        The     rotation 

woold  carry  it  under  M  at  a  rortain  time  nnd  n  Httio  later 
under  the  tide  A.  That  \*,  the  piuisaffe  of  the  tide  would  lag 
'  ■  iiind  tiie  iHuwagi!  of  the  mtNm  over  the  meridian. 

If  thei-arlh  in  not  [a-rfrctly  ri^id,aiid  therv  is  no  probabil- 
:  ^  that  it  \k,  ihrre  are  lidea  in  its  solid  |urt»  like  (hose  juat 
>i<'w:ril>wl.  hut  the  tidea  in  tlie  tluid  aurfai-v  arc  <)uite  dif- 
[r-rent.  Wlten  a  lidal  wave  la  raiKvil.  it  ruMi>  around  tlie  eartli 
with  a  Telocity  depending  Upon  tlie  depth  of  tite  ocean.  The 
motiom  of  the  wavea  are  interfered  with  by  llie  oontinentiit 
thev  meet  fnNn  Tarioiu  dinotiuna  and    interfure  with    one 


222  ixTROijUCTioy  to  astroxomt 

another,  sometimes  adding  together  and  sometimes  destroying 
one  another,  and  thev  are  ereatlv  modified  bv  the  ocean  beiLs. 
The  subject  of  watt*r  tides  is  so  complicated  that  a  sjitisfae- 
torv  theory  for  a  station  could  soarcelv  be  constructed  with- 
out  anv  observations:  but  when  observations  have  once  shown 
the  etlt'Cts  of  local  conditions,  the  variations  due  to  other 
causes  ean  he  predicted  from  the  principles  discussed  in  tlie 
hist  article. 

SI*ECrAL    PROBLEMS 

181.  The  Masses  of  the  Planets.  — There  are  a  number  of 
iiii  pent  ant  special  problems  whose  solutions  depend  on  th«? 
law  of  ;^na vital  ion,  but  which  are  not  in  a  very  direct  way 
verilicaiioiis  of  it.     They  will  be  given  here. 

The  ineihods  of  measuring  the  density  and  mass  of  the 
earth  liav«-  Ix-en  ^nven.  In  princii)le,  they  consist  in  comparing 
the  attraction  of  the  earth  with  that  of  a  body  of  known  mass 
and  <linien>ioiis :  and  in  carrying  out  the  comparison  the  law 
of  ^gravitation  is  involve<l.  The  same  principle  is  employed 
in  <lelerniinini4'  the  mass  of  any  heavenly  body,  but  the  prob- 
li-ni  is  ]jiacticiilly  much  sim[)ler,  for  the  comparison  can  be 
mailc  with  llie  whole  eai'th. 

Li  I  )ff^  and  ///.,  re[>resent  the  masses  of  two  bodies  revolv- 
ini:  ar«»niMl  iln-ir  cmnmon  centi»r  of  gravity  as  a  consequence 
(jf  llieir  iiiuuial  aitrai.'tions,  y^  their  period  of  revolution,  rf 
iheir  mean  <li.<tam'e  a[»art,  and  k  a  constant  depending  upon 
the  units  ».'m ployed.     Then  i^  is  determined  by  the  equation^ 

In  t  his  (Mjuat  ion  ///^  may  represent  the  earth  and  m^  the  moon. 
Consiilei-  wvn  oilier  l)o«lies  and  distinguish  the  two  eases  bv 
giving  the  masses,  I\  and  a  accents.     Then  it  follows  tliat 


^  See  Introdnctinu  to  CihstinJ  Mrrhnnics,  Art.  89. 


r   ^.  .    .  ..    a 
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fnr  T  U  the  coDBUtot  3.1410  ■--,  aud  it  in  the  tame  when  llic 
^nie  iinitA  are  eiuploye<l.  Squariug  equuliuiis  (1)  &uil  (2), 
anil  iliviiling  (I)  l>y  (2),  it  is  found  tlmt 


wht-nco 


>  l>een 


Whon  tlie  period  and  tueati  dislance,  i"  ami  a'.  Imvi 
dtftermiiiMl  fmm  obnervationii.  the  aiiiu  of  tin-  uiaiim-M  ik given 
by  ttio  )ni]>orlant  otjuiition  (4).  It  is  hy  mvntwui  ihiit  pqua- 
t)(in  tlmt  thv  mame*  of  tli«  stars  have  been  dt!t«rminpi]  so  far 
as  thry  an>  known. 

Sa{i)MM>*  ii«|  and  M,'  bcith  rejirescnt  Uie  niawt  of  tho  Hun, 
whicli  may  Im>  taken  aa  nnity,  and   that  in,  and  m^'  are  tlio 
uf  two  planeta.     Then  »quntii>n  (3)  l>eoorae« 


'•■> 


a''  1  +  «, 


•'\nc^  Mj  and  tn,'  are  very  small,  the  e()uation  ia  nearly  tnie 
V.  hea  tW  laat  factor  ia  taken  an  unity.  Witl)  thi8  iiiinplilic«> 
tton  it  ia  ll»e  matliematical  expi-eitnioii  for  Kepler*s  ihinl  law 
I  .\r(.  1S4).  Tho  equation  shows  what  corrections  ti>  tlio 
law  an*  neceassry. 

Tlw  masses  of  all  t)ie  ptaneta  which  have  satellttea  are 
'{•-tennined  directly  from  e«|uatii>ii  (4).  The  maaaesof  iIkiw 
>  liich  do  not  have  satellitrs  are  dett-rminnl  with  much  gmiter 
iitTifully  from  their  pprturiwtioiis  of  other  planeta,  or  of 
I    intets  which  [mim  near  ihein. 

in.  Sorfaee  Oravfty  of  tbe  Heavenly  Bodies. —  The  gravity 
at  the  surface  nf  a  body  dependji  ui«mi  l»-ilh  ita  muss  and  iu 
«i»e,  SappoM  the  btxliea  are  spheres,  which  will  l>e  accurate 
nougfa  for  present  purpose*.  Sinoe  a  sphere  attncta  ex- 
:'  rior  IfodiM  u  though  its  mass  were  all  at  its  eeotcr,  it  fol- 
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lo  A  ■•  trjiii  th':  jrrdvitv.  or  wei:?ht,  of  a  anil  mass  at  its  surface 
i-?  'j's\'*:u  hv  ihe  formula 


r] 


G  = 


wli<'P5  ^y  is  ih*-  '^'ra\  ity.  r/i  the  ina.ss  of  the  sphere,  R  its  radios, 
aji'l  k  a  '  oij'^taiit  <l»r|>eiKliii^  njMtn  the  units  employed.  Con- 
"•i'l^-r  Hriotli»rr  ijo<ly  usirij:^  tli»*  same  imits,  and  distinguish  it 
Ijv  Jioo'-iitintr  'x.  ///,  and  I{.     Tlieu 


C-^} 


G'  = 


Ji'1 


l)i\  iiliii'.'  (-)  l»v  el  )  it  is  found  that 


G       m  Kli'J  ' 


W'licii  \\\f  tiiiiss  (if  ;i  l»o(lv  liiis  l)een  determined  bv  the 
iiictlioil  <.f  tin*  |)ri'(M-(liii;r  article,  and  its  radius  from  observa- 
liniis,  \\>  Mirtjirr  irravitv  is  ^^iveii  directly  by  (3). 

It  is  liiMjiH'iiilv  simj)U.T  to  use  radii  and  densities  inst<»a<l 
ol"  r:i<lii  Mild  iiuissi-s.  \a'\  \\\k\  densities  be  d  and  d*  respec- 
li\«l\ .      1  Ihii  ///  —  .|  TTfllVK  ///'  =  J  irdl  K\  and  equation  (8) 

l)(M(iM|('S 


(•> 


,r  H' 


''  '■=  -an  •  ^' 


QUESTIONS 

1.    (iiNf  :in  rxMiiiplc  i*!'  ;i  tln'ory  not.  based  upoii  observations  which 

li.i-  Im'cii  '-III  "W  III"  l>»*   t.ilx'. 

:'.    (iiv.'  .m  i'\.mi|'l«'  ot'   known  pln-noiiuMia  which  have  not  yet  led  to 

.t  ^at  istMrloiN    llu'»»lN  . 

''\.  Mmiiiifrah'  iln'  >l«'p>;  Ni'wtnii  toi^k  in  the  discovery  of  the  law  of 
I'javilatitin. 

I.    What  prooN  ditl  N*«'\Nt«>n  ha\t'  <•!'  \W  motion  of  the  earth? 

■'».  What  uri«  th«'  t'iUu'liision>  NNhich  may  W  derived  from  Kepler's 
MH'oinL  tivsU  and  third  Uwvs'i 
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S.  Il<i«  iBaujr  cirrulkr,  elliptic.  jMinilioI)^,  ami  1ijp«rl>oUe  orblU  rnxf 
\\ttTv  t»  with  >  gi<«n>  ]inih<-lk>ii  point? 

T  Ait  Ibv  |iFrturiistl>Miti  lolv<:tiii>i<Jirivtt  MbkmliheBOU  UiD>jril«ni, 
'!•■  iinfirrfiviiuns  in  k  njcnjilirkted  ln>chinc? 

H.  In  what  tmUiiofs  hM  Uw  l»w  of  grmviUtion  to  l»r  failod  lo  «i- 
1  iaii>  i>t>arrtml  phfoumena  ? 

IL  Ttw  uiMB  «l  liir  mooD  in  khout  ,\  lint  ut  Uip  nvth  i  «l»t  ti  tbo 
ntini  (il  tlv  Bltr»rt)(in  o(  tbv  inooti  lu  tbat  u(  Uic  Fnrth  fur  >  biiiiy  at  tJin 
r.Ml.-.  ..irf*(w  1.11  Ihr  liliP  EM  <  Kilt-  K7  )  .■ 

Kl.  Ht  An.  177  lb-  ti<I»^iu«int(  (iinr  al  ihu  |<oiiit  I*  U.atl3  of  llw 
imx'o*  sltniliim  f'lr  tho  varlU ;  b'>w  iiiurh,  tWivrniv,  din-n  th"  ticW- 
niunjc  fi>rr«  •Iccrvax  XXtt  »i>iKht  of  Ix^ltKt  iitidir  Xin'rm  rlrcumRtoiiiiiw '^ 

11.  If  thr  Min  anil  iDioiD  aiv  oVi-i  ihp  parlh'a  tvjuator  llu-  two  tUiM  »( 
t  ilav  ari-  nrarlv  H|iial.  I>iai-UB  tbo  ijuFitioo  witb  diafrain*  il  \Xwy  ai« 
onrth  or  MrtiUi  nf  the  njualnr. 

1%  Draw  dia|[Tani«  dioviiiK  bnw  tbn  UdM  prndnonl  by  Ibe  iniii  and 
mono  mM  «Wn  Uimp  tmliMi  ar«  bi  a  lino  with  tbn  oarlfa. 

15.  What  u  Um  Mir(«M  gravity  of  ibo  tun  it  lu  nuliiu  ii  I'D  tiioM 
ilut  at  Um  Miih,  and  )u  dmMitj  om-fourth  an  fn^at? 

1 1.  WltU  b  tba  Mrfaw  pavitj  of  a  liwlf  10  mile*  in  dianirlcr  baring 
tiM  MM*  dMAjr  a*  Um  carthf 

16.  Whal  wiNlU  In  Uw  vartli'a  imrfaM  gravity  If  iU  dUmrlor  w«ra 
IwiM  a*  pMl  and  fto  rmw  Um  Minn  ? 

VL  WU  womM  ba  1^  mrth'a  •nrfaec  gnivtlj'  if  lU  dbunM^r  war* 
Iwk*  m  KPMl  aod  tM  dmdty  tba  aaroa? 


CHAPTER   VIII 

TIME 

183.  Definition  of  Equal  Intervals  of  Time.  —  If  a  person 
observes  a  number  of  events,  he  is  conscious  that  they  are 
distinguished  from  eiieh  other,  though  they  be  of  the  same 
nature,  and  he  exphiins  it  by  saying  that  they  occurred  at 
different  times.  Moreover,  the  separate  events  of  the  same 
series  would  be  distinguished  from  each  other  by  another 
observer  in  precisely  the  same  way.  For  example,  if  some 
one  repeats  a  series  of  letters,  different  observers  will  agree 
on  their  order.  That  is,  we  can  arrange  events  iu  a  unique 
order  and  thus  measure  the  interval  between  two  of  thera  by 
the  number  of  others  which  have  int-ervened. 

It  is  supposed  that  there  is  another  element  in  time  besides 
order.  When  any  one  observes  two  events,  he  is  conscious 
tliat  they  are  separated  by  an  interval  in  which  other  events 
may  have  lak^n  place,  but  different  observers  generally  will 
not  agree  on  ilic  interval.  It  may  be  that  the  feeling  that 
an  inti^rviil  has  elaj)sed  is  induced  by  the  consciousness  that 
other  ev(Mits  have  occurred  between  them,  such  as  something 
which  can  be  set*n  or  heard,  or,  perhaps,  such  physiological 
processes  as  tlic  beating  of  the  heart.  The  observer  whose 
mental  acts  in  the  interval  most  exceeded  the  normal  would 
give  the  highest  estimate  of  the  length  of  the  interval.  It 
is  clear  that  each  observer  must  be  compared  with  his  own 
normal,  for  he  is  accustomed  to  call  the  average  interval  re- 
quired for  a  certain  number  of  changes  of  consciousness  a 
certain  name,  as  a  minute. 
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rTberc  U  no  eTideiice  that  u  miiiute,  or  a  daj,  aeenis  ot  tbu 
e  length  to  pvcry  uao,  nltliou^li  uvury  one  giycn  the  intcr- 
I  the  snme  nmnes.  It  may  wull  Im  thut  it  wpuk  seuiaa  aa 
loDf;  to  ui  intellectoaUy  active  mail  as  a  month  doefl  to  the 
ftlu^^^nl  of  l»w  inteUigenoe.  One  cnu  »ee  how  liia  own 
mtirnatea  vary  umlur  tliflere»t  cniidiUona.  If  lie  tnivuU  for 
a  frw  daya,  enpeoUlly  when  he  m  youtiK.  aniid  iiiifHmiliar  sur* 
n>un<liiig*,  on  hia  return  home  lie  acvms  to  havu  Iwcn  atx^nt 
for  w«rks.  On  the  other  hand,  an  he  becomes  older  and  new 
eiprrienm  are  leM  frniuent  und  the  mental  [irocetwea  leas 
active,  tima  «mma  tu  have  pomei]  more  mpidly. 

It  will  be  found  that  the  eHtimat««  iif  intvrviiU  uf  tiinu 
made  by  different  cdiaervers  agree  more  nuarly  the  more 
fuUy  they  )>>u*e  them  u|>on  vountA  of  simple  idienomt-na.  It 
will  lir  iwrcvived  at  once  tlint  thin  imiilJes  that  they  have 
•apposrd  tliat  tlio  Mmplt*  eveiitx  olMcrvcd  have  occurred  at 
equal  inlervaU,  or,  perhujis  in  rare  casoh.  in  uncMpiul  hut 
nniply  related  inter^-aU.  This  being  the  basia  of  our  ideas 
of  intervala  of  time,  and  the  only  way  of  measuring  them,  it 
remains  to  devclo]i  a  method  for  practical  ap]ilications.  To 
do  this  it  is  only  OKcen^iuy  to  iwUict  name  event  which  ic 
rrpnitml  an  indoflnit^  number  of  times  in  such  a  manner 
that  it  will  ocunr  after,  in  the  sense  of  order,  any  event  of 
aiHither  kind,  and  such  that  it  can  be  universally  observed. 
Newton's  lirst  law  of  motion,  which  aflinnH  thnt  a  hojy  tmh- 
jfet  la  ttaforeta  morrM  Mu\forinly  i'm  a  ttraiijhJ  tint,  iita  delini- 
tmn  of  equal  int«rvaU  uf  time  which  fulfills  the  couditiona; 
r  rather,  certain  conaequencoa  of  it.  to  be  discussed  in  ttie 
."xt  arttolc.  fulfill  tbe  eoaditions.  That  is,  two  intervals 
.[■>  equal  by  dtfinitiam  tf  a  moving  body  which  is  subject  to 
•  forces  passes  ovtr  equal  distanoes  in  Iheni. 
Ibit  definitioD  of  equal  intervals  fif  time  by  tbe  fint  law 
i  oMition  agTiHSi,  oD  the  awrage,  with  the  experience  of  any 
milividnal.  It  may  be  dae  U>  the  fact  tliat,  as  pbysiologisla 
txach  OS,  every  neotal  act  is  aooompuiied  by  pliywMl  clungea 
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IM.    Practical  Measure  of  Time.  —  I:  follows  from  thf  laws 

;;,   '.  .;.  •,.•'    -,  :    ■•.-..._'  '     iv  'Ahi-.h  is  >r.N:ect  t«»  Dtt  exieri«»r 

•  •  ,::.'    ;•.  .1    .:..:■■:;::  r^:*-.     N'.»  V-niv  in  sui-h  a  <tatt' i< 

m 

,  .■.',■•..'..  ".  .\  ':  ..  .-.'•;.;  :;■.::  ■•:  .i  rli^iiiut  IxhIv,  likt^  that  ut  the 

•  ..'.  i'.:  •;.•■  •■•:•.  .  'i :,'-■  'i.-ii;:.''-  x\ktf  rati*  of  rotation  fXcopt 

^•..".■i:^^    ^■."   .•;'.   ^. ':'/:.*   j'-T.ipl.iti'iii  due  tu  the  tides.      Cuii- 

• 'j  if-ji' :  •. .  I'..:  |ij.i':ii.i!  j.iirjM  •>!•>,  thtr  rotation  of  tlie  earili 
iji.i  .  }/••  i.jI;«::i  :i-  .mi»-.i-mi  iir^'  •Mjual  intervals  of  time.  Of 
« '.:i!  '•.  !/:.j;j'.  <>\\.*'i  r.-;.>ii.il  iiM»iions  mij:^ht  be  used,  hut 
th  .  •.'.'.:■/.'{  :iil  I,.-  ;in«jidi:d  with  practical  disadvaiitai:e< 
.ir..l  nr.  ri.in]»«ii-.iiijj'_r  ji'l  Viiut  a'jes.  Any  artificial  timekeei»er. 
.1  :i  <-l'.<-I  ,  \'.'>ii!(l  Mill  ill  accordance  with  the  ssime  laws,  hut 
ifi'.i'-    iir«".Mil.ir!>    lnTiiii>i-  i}\'    the    impossibility  of    entirely 

J  ilir'!'.  ill"     'ii     llllliill'/     inlllH'lHM'S. 

li-  I'-  I    i.iH-  I'Miiir*-  nt'  the  method  of  using  the  rotation 

•  .I  iIm-i.miIi  III  (liliiM-  (-'|iiiil  intervals  of  time  which  shouid 
Im  lilt' hi  iniiiil.  It  Miii-t  l)»'  sliown  that  it  is  possible  to  deter- 
iriiiii-    V  Imii    iIm-    .Mill)    li;t<    turned    through   equal    anjjles. 

11..  ■«    i     .1   iliiMiivi  ir  ;,1   diirwiilty  which  arises  from  the  fad 
ilr.i!  ii"  h-iil  iliii-i-t  imi   ill  .s]iiice  is  known.     If  no  heavenly 
Im-.I.    v>,.!i-  ,i  iMc.  ii  wiiiilil  i)c  impossible  for  us  to  lind  nut 
iliM-.  il\    »\li'ili.-r  ill.'  r.irtli  r«)tiil<'s  or  not.     The  rate  of  roia- 
ii'.ii   .-I    Ml.-  iMi!li   I .^  :M"iii:i]ly  (Ictermiiied  from  the  apparent 
Ml.  I  !■.'!.  ..|  ill.     i.ii  ..  w  Iiirji  must  h<' assumed  to  be  in  constant 
tlM,.ii.'ii.  !i.iiii  Ii  ..      Til'-  Assumption  is  not  an  entirely  now 
mif.  !.•!  II  iiijiitv.^.  I'lKiii  ilic  !;n\sot'  motion  and  the  distaiKTS 
.•I  i!i>- ;.i.ii -.  t  li;ii  iIk'n  •-.•ul(i  iiof  make  diiilv  revolutions  arouml 
I  It  ,Miili,       <  ■.•n-.i-.|iii'ii;!\ .    liic  luciliod    of  measuring  tinu^ 
li\  till'  i.ii.ii i.iM  el  ;  III' t-.ii  I  h  <!' I'l-hiK  u[Min  the  laws  of  mi>tii>:i 
III  .Mi  uhliirci  \\.i\  .is  \\,!1  .1^  li.t   -lirrii.     The  corresponding' 
diiVuuhy  Ml  .i|'pl\»M;i  ilic  iii'^1  l.iw  "i"  motit>n  is  that  no  fixed 
jH'itit  in  s/Mi'e  is  known  Uvm\  \\\v\ '..\v>  www^vw^  distances. 
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lU.  Sidereal  Time.  —  Sidereal  time  lioit  l>e«n  ditwiixMHl  in 
Art.  2it  ill  cuiiiicctioii  with  tlie  d<»icniit)on  of  tlttt  metUotl  of 
catalofttiiu;;  the  MlaTH,  but  the  craviitiHU  will  Iio  n-iK-nU^  for 
the  ftski^  i>f  e»nii>ttri)k>ii  with  the  uthiT  kimU  of  time  to  bo 
uM-tiitotHil.  Siderml  time  depcndit  upon  (lie  rntntion  of  the 
r«rth  <rith  ni>i><%l  lu  the  HtMri.  The  irit«rvul  iK'tweeii  the 
pttMA(;t*  of  M  »uir  lusruM  m  meridian  nnd  ita  next  piusaffc 
uiTom  ihv  same  meridiaa  is  a  sidercul  day,  which  in  divided 
into  2i  ef\nnl  hnars.  The  hours  are  tiumbered  up  to  'M. 
The  iiidcreal  timv  in  wro  when  the  vernal  i-<juinox  cnitMei* 
the  meridiAn. 

Siilemal  time  affr«V9i  ■•xwi'dingly  clt^aely  with  tiiiio  aa 
define*!  by  the  finl  law  of  motion.  The  a^rreement  wimid 
)>e  |ierfect  if  Uie  n>taliim  of  the  earth  n-ere  not  disturlieil  by 
<'\terDal  forenn,  bnl.  aa  wua  stated  in  Art.  126.  these  dis- 
:iirliin)(  forees  tuive  wholly  iiiai^niticaat  elTeL-ts,  excvjit  poa- 
-liily  when  the  nttatiou  of  the  earth  ia  comjiared  wilh  other 
(-•'lejtliiit  motibiu'.  Kven  here  there  seemx  lo  be  but  one 
jilare  where  a  ctiati|;t>  in  Ihe  mte  of  iCm  rot^iUon  ia  even 
au};t;Fiit«>d.  and  that  i«  in  eonnection  with  tlie  exceed- 
ingly <lifficult  iirublotn  of  tlio  aeevlemtion  of  tlw  moun'a 
motion. 

IM.    Solar  Time.  —  SoUr  time  ia  defined  by  the  rotatino  of 

tin-  earth  with  re«i»«»t  to  the  «un.     Uecause  of  the  carth'a 

v  volution  around  (be  ami,  the  mtii  npiwant.  a»  aeen  from  the 

irlh,  to  move  eaatwanl  umonR  the  stars,  t'omjilvlinK  a  rvv(^ 

;.ilion  with  rrsiieet  to  them  in  a  year. 

In  onler  lo  L-om)Mre  sidereal  timo  and  aidar  time,  suppoao 
a  Ptar  and  the  ami  are  on  the  meridian  at  the  same  instant ; 
iifter  a  certain  interval  tlw  earth  will  liave  turned  so  tliat 
-)]<-  alar  ia  af^ain  on  ibe  meridiun,  but  Ju  the  meantime  Ihe 
in  will  have  movetl  eaatwanl  nearly  n  dejn^-e.  It  will 
t.ike  the  earth  nearly  -1  Miderral  tninulea  to  turn  throu(;b 
nmaininK  de^^rrr  nnd  brtni;  the  meridtaa  u^  Ui  V.V\« 
Tbd  iafarrraJ  bvtvaiu  tbv  {nwags  ut  ibn  «un «.c.TtiHa>Xv« 
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iiit.-ri'lMii  .i\A  its  n»:Xt  [j;i.s.>;iiz»'  i>  a  *'V//r  «/</y.  which  is  Lm:. " 

187.  Variations  in  the  Lengths  of  Solar  Days.  —  WheL  ■:  vr..- 
jj:!:-."i  "v.'i.  :i:T  .-i'l'r:'«-:il  «l;ty  tii»r  snlar  «liiys  VLirv  in  l-iij:! 
:'  »;•  ■  M'l  |:i':::':[';ti  r'-;i.-i'i;s.  \vlii.;li  will  n«»\v  btr  expUiinvri. 

'Ill-:  »m:t1;'.-  i.-ri'lt  is  ».-riii»tit.-;iL  ;iinl  the  raotit.»n  of  ihv  e.i:::. 
i-  -..'  :.  :!..ir  r;.-  [,i'.v  i-f  ;ti>'ii.>  is  tiiltille<l :  thert-fore  its  m:z> 
..:/  :;,■■*.■  :.  'vi-ii  :'•■-:'»••■:  r.i  thr*  sun  vurie.s.  The  sun's  a:  :j:- 
'■:.•.  j:./  ...i:-  !:.  ::i!i  iii:i«»ri.r  tiie  "itiirs  is  just  the  saiiit-  ;t»  ti-r 
-  1../  \'.av  iii'tti-.n  ;i>  se»:ri  frniii  the  sun.  Tht^refore  ti.'.- 
1  •■  i;-!.?   »-.j-t\\Mr<i  uiMti'-n  is  not  uniform.     Sinct- tL:? 

'i!:T'-ivii«tr  in  h-Ui^th  l>et\veen  the  siJere^! 

t'!".r.v^  tu;it  tlie  difference  will  varv  :  or. 

-/.i!"  *\.vy  varit'S  when  compared  t«»  tlia: 

•  i.!y.      \Vli»ri    tlie    sun    apparently    movcs 

:..  ,-  i>  .;i>;it«-'»t :  and  when  the  sun  aj'piir- 

:.  T...-  r.-.»;iiti'i»itv  of  the  earth's  orl»it  is 

•  -.:!:■  "i"  clvainess,  shows  the  reason  **i 
•':;••  'iiib-rr-hrf  in  leni^lh  iif  the  solar  fhiys. 
>  :■;■"-••  tilt'  i-artli  moves  from  tlie  jHTi- 
i.  •-.;"•:  >"int  P  ti>  7"  in  a  sideival  da  v. 
I  ;.'■   !i::«-    wliirh   is  in   the    plane   of  tlie 

!:.'•:  :i:  111  lias  nia<le  a  complete  rotation. 
l>!it    ii    iiuist    turn  on  through  an  anirii* 

•  ji;:!  t'»  J*SP'  in  order  to  point  u*  iIm- 
•-MIJ.  ii-  it  v.i.i  :jt  :!.•■  ■■i:'l  •»!'  ill'-  >"lar  dav.  Now  consider  the 
iii'.ti'.M  lit"  ti.«-  r.jiii.  ;ii  ;h'-  iij-h.-li'-n  -1.  In  a  sidereal  davit 
will  lj;j\r  iM..v»'.l  fn.ni.l  I"  A',  h  iiiust  still  turn  througli  tilt' 
jth'.:!'.'  .I\.l'  ill  ur-'liT  1.)  r.^iiihlrU'  a  >nlar  day.  This  angle  is 
l«-s-  iliiiii  /*>■/''.  :inii  tin;  >.)]iir  d:iy  is  rorrespondingly  shorter 
ilian  tin'  hm«*  uln-n  ilu-  i-;iitli  \\m>  at  {M.-rilielion.  It  follows 
troni  tJM*  cliiiractcr  of  tlir  cartli's  nmtion  that,  so  far  as  this 
cause  is  onnccrncd,  llic  ItMi'^iiis  i»f  tin/  solar  davs  constant  1  v ik- 
crease  while  the  earth  is  niovini;  Inini  i»eriIieliou  to  apheliou. 


I 


<i  I 


/ 


li'..  '«>. 


TIMM 

lie  oth«r  rauon  ttuit  solar  ti^yn  vary  in  length  is  that 
t  sun  does  not  move  tuutward  along  thv  equator.  Sup- 
,  for  aintplicity.  that  its  motion  alon^  the  ecliptic  is 
aoiform,  and  consider  the  efTect  of  the  inclinution  of  the 
ecliptic  111  Uin  eqimtor.  In 
▼eriul  vqninox  and  A  the  ftu> 
tnmnal  eiiuiooz.  The  hour 
circles  an  drswn  at  intervsla 
of  1^*.  and  equal  spaces  are 
narked  off  along  the  ecliptic 
by  tlM3  dotltMl  liiicm.  i^ince 
tbs  diurnal  motion  of  tli<>  «un 
is  aloog  the  equator  or  n  cir- 
el«  psnUlel  to  it,  it  is  the  fltuttwnnl  motion  of  the  sun  io 
right  wKWBaion  which  nukos  a  solar  day  longer  ttian  th«  ' 

BCouaider  the  motion  near  the  vernal  vquinoi.  While  tbo 
^n  is  moring  lo'  from  fto  h  iu  acttial  eiuttward  motion  in 
Tight  aacenMcm  is  only  It'.  When  the  Hun  in  near  the  »ol* 
stioe  <!,  15*  takn  it  from  r  to  d,  and  it«  cantwunl  motion  in 
rigbt  sacMDsioD  is  i/D.  Tliat  Is,  whi-n  thr  KUn  iii  near  one 
of  iba  eqainoxes,  it  mnres  the  slowcHt  in  rieht  ascvnsiou. 
beeaose  a  coiuiderahle  jurt  nf  its  motion  is  either  northward 
or  soutliward;  and  whi'n  it  i«  near  one  of  the  iuiUtic>e«,  its 
eastward  motion  along  the  iNjuator  is  nio«t  rapid,  bocause 
its  orbat  Desriy  coincides  with  a  declination  rircle.  As 
far  as  this  faotor  alone  sfTecbt  the  solar  days,  it  tenfU  to 
■yw  them  longest  while  the  sun  is  near  the  sohttices.  and 
^■rtest  wliile  it  is  near  the  ogulnoxes. 

VTbe  Ant  cause  tends  to  make  the  ftolar  days  longest  on 
January  1  and  to  derrvase  gradually  both  ways  frt>ni  this 
data  for  six  mnntlis.  Tltv  sccood  cauM-  tends  to  make  them 
luoffiaat  on  December  21  and  June  '-2,  and  shorlvHt  on 
21  and  September  tH.  Tlw  two  effects  comluna 
[  gire  the  following  results:   the  longest  day  in  tbe 
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year  is  Dect* iiiher  22  ( it  iiiav  vary  bv  a  dav  from  this  date 
lH*(.*ause  of  tlit*  li*ap  year ),  wliidi  is  4  in.  20.5  sec.  longer  than 
the  sidereal  <hiy  \vhen  expressed  in  sidereal  time.  Thus 
tlie  day  whicli  has  tlie  least  time  of  siudight  for  position:^ 
north  of  the  equattjr,  and  which  in  ordinary  speech  is  said 
to  l>e  the  sliortest  day  in  the  year,  is  actually  the  longest 
from  tlie  time  the  sun  is  »>n  tlie  meridian  until  it  is  on  the 
meridian  atrain.  From  December  22  the  solar  davs  con- 
staiitlv  deeri'ase  in  leii'^th  until  March  2t},  which  isonlvSm. 
.*)S.u  sec.  lon^^T  tlian  the  sidereal  dav.  Then  they  inci'ea>e 
in  leiii^^th  until  June  20,  which  is  4  ni.  9.5  sec.  longer  than 
tlie  >idereal  day.  From  June  20  the  solar  days  again  decrease 
ill  li-ni^th  until  September  17,  tlie  shortest  day  in  the  whole 
yrai".  wliicli  is  only  'i  m.  ^:55.2  sec.  longer  than  the  sidereal 
(lav.  Then  the  solar  davs  c»)nstantlv  increase  in  lencfth  until 
I)ecenil»er  22.  The  dilVerence  in  length  between  the  long- 
est dav  and  the  shortest  dav  in  the  year  is  therefore  about 
ol.n  si-c.  nf  sidereal  tiine.  This  is  rather  small,  but  its  cumula- 
tive etVeets  a I'e  i\\\\w  not ieealde,  as  will  be  seen  in  Art.  189. 

It  Wiinld  vttiii  to  he  a  simph*  matter  to  assume  that  all 
sn|;ir  (1:j\s  lire  ot'  the  ^anie  leni^th,  especially  as  the  variation 
lr( tni  on*-  to  the  next  is  very  slight.  Nothing  but  a  very 
aceuraie  eloek  would  shi>w  in  ordinary  affairs  any  disagree- 
ment, and  with  this  it  would  not  he  important.  But  if  the 
Msti-onoijMT  ^hollhl  attempt  t()  use  the  rotation  of  the  earth 
^^ilh  ie>p'-et  to  tin'  sun  as  detining  ecjual  intervals  of  time, 
he  w'nuld  heei.ine  involved  in  iri'CLTularities  of  motions  which 
he  Would  he  iittiM'ly  unahle  to  bring  into  simple  agreement 
with  any  theory.  'I'his  iUnstrates  the  extreme  sensitiveness 
•  »f  ast rononii<.'al  tluiories  to  even  sliLrht  errors. 

188.  Mean  Solar  Time. — Our  ordinary  activities  are 
dejx'inlent  upon  the  jieritnls  of  sunsliine.  Hence,  for  prac- 
tical purposes  it  is  quite  desirahle  to  have  a  unit  of  time 
based  in.  some  way  upon  the  r«»tatiou  of  the  earth  with 
respect  i  0  the  sun.    ( )n  Uie  oV\veY  IwuwV  \l  k  undesirable  to  have 


s  unit  nf  vamble  1«n(fth.  CoDwqtiently  the  meHii  itnUr  dxy. 
whidi  is  th«  iiverugc  length  (if  all  th«  soUr  ilnyn  of  tli«  ycHr, 
.->  intrudiiccd.  lu  wdrreul  tiiiio  il»  k'lijttli  itt  :M  Lr.  S  m. 
■'"'.o56  «ec. 

Tlic  ntnui  Bulnr  dny  is  divi(Ii>d  into  34  moan  solar 
ii^mrs.  the  boura  into  tlO  ininutcM.  aiid  thL'  ininuteH  into  <tO 
M>.  uTi'l'i.  In  Hh«trt.  this  is  the  time  in  ordinary  um>.  Meiin 
*>>Inr  ilityn  wrv  all  uf  th«  Hnme  length  with  the  Kaine  A|){ir»xi- 
tnxti'in  llutt  sidereal  days  are  of  the  wiinu  length,  aii<l 
onlinan-  tlioc-|>ieeuti  are  made  to  keep  mean  itolnr  time  im 
nearly  aa  [HwiiliU.  It  would  \h-  very  diflirnlt,  if  not  ira|Mi8- 
•iltlt',  to  ciinstruct  n  clock  which  wnnld  keep  true  iiolar  time 
wiih  any  high  d(-gn f  nri'uriMry. 

189-  Ttw  Equatioa  of  Time.  —  The  diffiTem-e  between  the 
turan  wilur  time  and  the  trne  mdar  time  ia  i:alled  the  ec^na- 
tii>n  of  time.  It  is  taken  with  such  un  nJgelimic  Mgii  that 
«lieti  it  in  atlded  to  the  true  itoUr  lime  the  me-iiii  solar  time 
lit  ••litaiiK-'l. 

It  fiillovrs  from  the  way  in  which  the  lengths  of  the  solar 
diijit  Vary  lliat  the  **qn»tion  of  time  is  jtcni  on  Ajiril  15, 
June  14,  Scptomlier  1.  and  UccDml>er  24.  The  nuiximmn 
nntnerit-al  value*  of  llie  e<|uation  of  time  Ix'tween  lliexe  datvs 
an-;  Kehniary  U.  +  14  m.SOaec.;  May  14, -S  m.  50  »«c.! 
July  2ti,  +i>  ni.  1(>  sec.;  and  Novemlier  2.  -16  m.  30  see. 
11it-M'  datiM  may  vary  by  a  day  liecausu  of  thu  leap  y>*ar. 
itnd  (be  amounts  by  a  fi-w  seLfinda  becaUM*  of  the  sbifting  of 
thr-  daleM  aiid  tla*  jierturbationa  uf  tlw  (^artli'a  m<iti<>n. 

Saime  interesting  resnitJi  follow  from  the  etjuation  of  time. 
K«r  etaniplv,  mi  [>ecemiier  24  the  e<)iution  of  time  i«  Kem, 
and  it  follows  frum  the  ntinibeni  given  almve  that  the  Milar 
day  at  ihiM  time  is  alxwt  .10  see.  longer  than  Ibe  mean  ndar 
day.  Coiiwmtuently.  the  next  day  the  aun  will  b«  aUmt  HO 
aac.  alow;  that  is,  the  noon  ia  shifleil  almul  W  sec.  with 
tin«Ikrct  tti  tlic  Huu.  An  the  Hun  is  jnst  jdUil  lUc  w\&\«  vc^ia\«ti 
nfat  period  frota  nuorim*  to  aunwt  ia  tncnsiuun^.  >]».V  "^^^ 
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l;  -.J    :   !.:;"i:';i'l  rxtendiiig  east    and  wtsi 

:.-'.'  ■■■■'.  ''.:\.t\  tli'.'iv  would  be  endless  t-Mii- 
:  _:  !'  — :••:  ::i  :  i;jiiiini:»'  trains.  In  ordtT  to 
■  ;  ■  ■:::••  ' .-.-•"'iiiai V  fi»r  all  [ilaces  whii-li  th 
■  I'  ...■■■:::  ::.;',?  .iii  li'Hir  in  loral  time  from  that  of 
:.:■..'  !:.';:  ;i::!i  t'»  Use  ilie  local  time  of  that 
I  .,■•'.-,  v.!,;;.  tj..:  Hxuenn'  <liftVrence  in  local  time 
'.'.i.[  il."  >:i)ii''  iliii'-  ;>  ;i])nut  an  hour,  the  error  in 
<-!i,'r-^.r  ilit-iii  i-  '.i:;'.  .i5.:'-.'.  li.ili' ;iii  liour.  In  this  manner  a 
:iii|.'i!  '■•.iiii!r\  In  '..iir  !.it  il  ihlrs  mImmiI  750  miles  wide  nst-s 
tie-  ;.imi-  lini'-.  .iimI  ihr  tn\T  -niii  nf  tho  same  width  an  hour 
ditV'ir-hi.  iiiid  sn  nil.  'i'l,.-  |(.r:il  time  of  the  standard 
iii'i  i'li.jii  «»r  f;i«'li  sii'iji  is  ili»-  ^^///.////^/  f!/fi€  of  that  strip. 

Si;rri.|;ii-d  tiiiM'  i>.  ;il  |»rr>ciii  in  iisr  in  nearly  every  civilized 
jMil  i»r  iln'  «';irtlu  TIm'  IJiiiisli  Ishinds,  BelgiunQ,  and 
Molliind  nsi*  }is  slundard  linn-  ilu*  Incitl  time  of  the  meridian 
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I.  ;.  jki,^^  ihn.iu({li  the  Royiil  Observatory  at  Orpdnwich. 

,ri<  ■'  i:-  >  :<•  •untJAnl  timr  tliv  locul  tiiDc  nf  the  mcricliaa 
]ij.-v-iri(:  llir.>U){li  the  I'Arifl  ObwrvBtory.  Tlii*  meridian  is 
i*  lu.  'IX  see.  eattt  of  Graeiiwich;  conaequciitly  i\w  timo 
iiM-tl  in  Fnuici>  in  U  m.  21  sec.  fant  compared  li>  tli&t  used 
in  Kiii;[Aiid.  (lermxiiy.  Itnly,  SwitKcrlaml,  nnit  Swiilcn  umi 
tl.i-  \'ka\  time  of  thr  mi*ridian  1  hour  vnsl  of  (intenwniih. 
Jn)Ktn  iiwrH  the  looml  time  of  the  mirriiiian  ^  hours  vast  »( 
'incnwich. 

The  L'litttf)  Statrannd  Ilriti»h  Aracriraare  of  such  great 
•rstciit  in  loiiftitude  that  it  is  aeoeMHary  to  use  -4  hours 
iif  Btandan)  time.  Tht>  eastern  portion  uws  Eattem  Time, 
whu:h  iH  the  liN-al  time  of  the  nivridiaii  5  houni  wMt  of 
iirvenwich.  Tliia  iiwridiaii  runs  throuf;)i  I'liiladplphia,  and 
in  thii  rity  local  time  and  standard  time  an>  identical.  At 
plai-m  vaxt  of  thin  meridian  it  is  later  hy  Iwnl  lime  than 
tiy  standard  time,  the  diHercnoe  heing  nearly  one  minute 
for  \-2  miles.  At  plac«H  west  of  this  meridian,  but  in 
the  |-U»lvm  Time  dilution,  it  is  curlier  by  local  time  than 
by  standanl  time.  The  next  division  i^iin;;  westward  is 
<-.ill(-il  Crntrti  Tlmt.  It  is  thu  local  time  of  thf  meridian  C 
hi-iin  vrsX.  of  tireonwich.  Tliis  meridian  paiwA  through 
Nt.  I>mis.  The  next  division  ia  called  Mountaim  Ttmt.  It 
in  thr  liH-al  time  of  the  meridian  T  hours  we»t  of  Orenn- 
wirh.  This  meriiliaii  [MtwM  throuf^h  Denver.  The  last 
division  is  calU'd  Panff  Tiint.  Il  is  Uie  hwal  time  of  the 
m<Tidian  tf  hours  west  of  (irecnwich.  This  meridian  passes 
itx-ut  100  milra  out  of  Snn  FranciM-v. 

[f  the  <.>sact  divisions  w«re  used,  the  boundaries betWMO 
(if  timi>  division  and  (he  next  would  be  T.f>*  east  and  weat 
>if  ttie  stamlard  meridian*.  As  a  matter  of  fact,  the  bonml- 
ariea  arr  iiuite  inv^n''*''*  depemling  upon  (he  ronvenienct-  of 
railroada.  The  chanf;p>  in  time  is  orarly  always  made  al  tlie 
•  tid  of  a  diTiaioo.  for  obviously  it  would  be  Dnwise  to  have 
'  iilroad  time  ehauge  daring  tlie  run  nf  a  given  Umia  crew. 
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;  !::'.;.  1 1  iiiipurtaiKv.      Tlicro  are 

.  .  :  ..  :i:iir.  l)ul  llie  one  in  coininon 

-•-••"  >iais  across  tlie  iiu'riilian. 

:.:■•■:    tluMi,  from  the   niatln- 

:'."n.  10  compute  tlie  mran 

-1   ilijit  it  would  he  easier!" 

:!.iM>il  nf  the  sun,  Imt  it  is 

..    i  i;  inuiv  dillicult  to  tU-tt'r- 

-=:  'i'  ili».'  sun's  center  than  it 

-".:.  ;{n«l  it   occurs  but  oiw^ 

-    ]\-..y  lie  observed  ;     in    the 

instead  of  mean  solar 
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ou*  j.'.ini*.  hy  iu*-.\ii<  of  ♦:i»?rtri«:-al  connection  wiih  the  Navil 
i  )f»-»'i  v.;T'.:y. 

J  iiii-r  I'-r  li."  rwvriwr  wt-<tern  part  of  the  United  Siat^ 
i-  •ii-iiiiii-:»."!  ir'.:ii  tii*-  Mare  I.sland  Navv  Yanl  in  C'j'.i- 
I'iMiia  :  Jiij'L  i>»->i'lr-.  a  iiumlj^r  of  college  observatorit'S  fur- 
jii-ii  lirii*'  t';  p.irtiiular  riiiir«.»a«.l  svstcius.  Nearlv  everv 
*.■*-•■!  \:it«»rv  n-L'nIiii'lv  ilL'i<.'iiiiiiR-s  time  for  its  own  usi*. 

192.  Civil  and  Astronomical  Days.  —  The  civil  day  l.>egiiis 
;i'  itji'i.'ji'jiit.  \n\'  ih»;ii  }.iii.">iiii:ss  is  ordinarily  suspended  ami 
ti.«-  d.it'r  'all  Ih-  «-li,iii'j'-d  Willi  the  least  inconvenience.  The 
a-M'iij.iMiir.ii  day  ut"  ilir  >aiii»'  tlate  Ijej^ins  at  noon  twelve 
lioiii>  l.iNi.  fr.i-  an  a>tr"iiii.iiier  would  not  like  to  cliange  llie 
'I. If.-  ill  ti.''  Ill i«  1^1  i)\  it  strt  nf  ohsfrvatitms.  It  is  true  that 
iiMiiv  «il.-.'rvati'»ii>  I  if  \\u:  sun  and  some  other  Ix^lies  are 
iiia'l'-  in  tli»-  (Liytinic  hui  hy  far  the  greater  amount  ut 
<»li-«i\;jt iuiial  \v«>rk  is  donr  at  night.  The  hours  of  the 
a<t  lonMinit  al  diiy  air  iiuiiihtTeil  up  to  24  just  as  in  the  cast* 

193.  Place  of  Change  of  Date.  — If  one  should  start  at  any 
ji'.ijit  .jh'l  -jM  rijiiii-ly  amiiinl  ilie  earth  westward, the  number 
«.i  liiii'-  ilif  ^\\\\  w<»ul<l  iTr  >ss  Ills  meridian  would  be  one  less 
I: Mil  it  won  1.1  lia\r  Immmj  if  lie  had  staved  at  home.  Since  it 
v.i.ii!'!  I).'  \riy  awkwanl  to  use  fractional  dates,  he  would 
111"  1  'inihU  ()l)iiiin  tlic  i-orn'ct  date  at  the  end  bv  arbitrarilv 
.  Ii:iii'  aw:  lii^  tiiiH'  (111."  (lay  forward  at  some  point  in  hi* 
i'.iiin-\.  Tinii  is.  Ih'  would  oinit  one  date  and  dav  of  the 
\\.'.l.  ir')ni  IjI--  r.M'k.iniiiLT.  <  >n  the  other  hand,  if  he  h;nl 
;'..n.-  aioiin'l  lin-  cailli  f-asiwanl,  he  would  give  two  days  the 
>:iiii.-  .|;il('  an<l  'la\    of  tin*  week. 

I'll.-  cliaiiLjc  is  nsnaliy  made  iii  tlie  180th  meridian  from 
( iir.nw  irli.  Il  is  a  pailicularly  fortunate  selection,  for  this 
nH'riili:in  sran-.-lv  touclics  auv  lainl  surface  at  all,  and  then 
onl\  sniali  islamls.  Out',  can  rasilv  see  how  troublesome 
mat  1  ITS  wnuld  Im*  if  the  cliam^^r  were  made  at  a  meridian 
j»assi]ig    llirougli    a    tliickly    iM»[)ulated    region,    say    at   the 
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m«ni)iaD  of  Oi««nwid).  On  cnw  side  of  it  peo|>le  waiild 
h*v«  %  ixrUun  diy  and  dale  as  Monday,  tVcenibvr  S4,  ami 
on  U»  other  side  a  day  Utvr.  TacMclay,  I>«cGmlwr  25. 

Tbs  place  of  change  cif  date  does  not  Htrictly  follow  tlie 
ISOtb  BHridian  from  Ore«iiwit;K,  for  settlers  going  uastward 
from  EurtiiM*  carried  one  dal«  with  thera,  whilt;  thotte  going 
weatwsrd  from  Europe  and  America  arrived  in  the  same 
longitude  with  *  different  dati-. 

IM.  The  Sidereal  Teir.  —  The  sidereal  year  is  the  time 
ri-4)ain-tl  for  the  sun  apparently  to  movo  from  any  poMition 
« iih  rt^jMwt  to  the  stArs  as  seen  from  the  earth  to  the  same 
pcHition  again.  l*erhn|M  it  ix  better  to  say  that  it  \»  the  time 
rvijuitvil  fur  the  earth  to  make  a  complete  revolution  around 
thv  Hun,  directions  being  determined  by  the  pneitionH  of  the 
~::iT*.  lui  length  in  mean  solar  time  in  365  da.  I!  hr.  9  m. 
-    'T  wc,  or  jiut  a  littli*  more  than  3t!5|  days. 

195.  The  Aaomallttic  Year.  The  anomalistic  year  is  tJie 
Liitir  tliat  it  takes  the  earth  to  move  from  the  perihelion  of 
Its  orbit  to  the  perihelion  again.  If  the  perihelion  point 
were  tixml.this  perif>d  would  equal  the  sidereal  year;  but  the 
perihelion  point  moves  forward,  completing  a  revolution  in 
alMiut  1()K,(KK)  years,  ami  the  cnnsequencc  is  that  the  nnom- 
altsiic  year  is  A  little  longer  than  the  MdvrrAl  yi-nr.  It 
follows  from  the  period  of  its  revolution  tlint  the  [lerilieliim 
point  advances  about  12"  annually.  Since  the  earth  moves 
almut  a  degree  ilaily.  on  the  average,  it  takes  it  about  4  m. 
*o  •«:.  to  move  12".  The  actual  length  of  the  anomalistic 
.  kr  in  in^^an  solar  time  is  .%i5  da.  6  hr.  1-1  m.  48.09  see. 

lit.  The  Tropical  Year.  ^  The  tropical  year  is  tb«  time 
:  takea  ilir  sun  to  move  fn>m  a  trttpic  to  the  same  tropic 
_-  tin  :  or,  better  for  prmi'tical  determination,  fmm  an  e<|ninox 
'  llie  same  equinox  again.  Since  the  equinoxes  regress 
k!>out  50.2"  onniialiy.  the  tropical  year  is  aboat  20  minutes 
shorter  than  the  siilereal  year.  Its  actual  length  in  mean 
solar  time  U  8tt5  da.  5  hr.  48  m.  45.51  see. 
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The  seasons  depend  upon  the  sun's  place  with  respect  to 
the  equinoxes.  Consequently,  if  the  seasons  are  always  to 
fall  at  the  same  time  uf  the  year,  the  tropical  year  miut 
be  use  J.  This  is,  indeed,  the  one  in  common  use,  and, 
unless  otherwise  specihed,  it  is  always  meant  by  the  term 
!/ear. 

197.  The  Calendar. — In  very  ancient  times  the  calendar 
wan  based  largely  on  the  motions  of  the  moon,  which  deter- 
mined the  times  of  religious  ceremonies.  The  moon  doej 
not  make  an  integral  number  of  revolutions  in  a  year,  ami 
it  was  often  necessary  to  iuterpolute  a  month  in  order  U' 
keep  the  seasons  in  place.  The  whole  matter  was  in  tlie 
hands  of  the  priests,  and  great  confusion  prevailed. 

The  week  was  another  division  of  time  used  in  antiquity. 
The  number  of  days  in  this  period  was  undoubtedly  based 
upon  the  number  of  known  celestial  bodies,  other  than  tlit 
stars.  Thus,  Sunday  is  the  sun's  day;  Monday,  the  moon's 
day;  Tuesday,  Mars's  day;  Wednesday,  Mercury's  day; 
Thursday,  Jupiter's  day;  Friday,  Venus's  day;  and  Satur- 
day, Saturn's  day.  The  origin  of  the  names  of  the  daj-*  cf 
the  week,  when  traced  back  to  the  tongues  from  wliicli 
English  has  been  derived,  show  the  above  meanings. 

In  the  year  46  B.o.  the  Roman  calendar,  which  liad  fallen 
into  a  state  of  great  confusion,  was  reformed  by  Julius  Cresal 
under  the  advice  of  the  Alexandrian  astronomer  Sosigeoes. 
The  new  system,  called  the  Julian  calendar,  was  entirelt 
independent  of  the  moon,  and  made  three  years  of  3l)0  diiy* 
each,  and  then  one,  the  leap  year,  of  366  days.  The  extra 
day  was  added  in  February.  This  mode  of  reckoning,  whicb 
makes  the  average  year  consist  of  365J  days,  was  put  into 
effect  at  the  hegiiming  of  the  year  45  B.C. 

It  is  seen  from  the  length  of  the  tropical  year  given  abOTf 
that  this  system  of  calculation  involves  a  small  error,  avers^O{ 
11  m.  35  sec.  yearly.  In  the  course  of  128  years  the  Jnliw 
calendur  geta  one  day  \)e\imA..    To  ifemfe&^  -Owa  small  error. 
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in  15S2,  Pnpe  f  Jrcjfon-  XlII  iiitrotJuced  a  uliglit  chnngo.  Ten 
(lavH  wre  iiniitu-^l  (nmt  tliiit  yuitr.  mid  it  wax  ilccrved  ihnl 
tlirM  )«a{i  VL-am  out  of  I'vvry  foiir  i-oiitnrifs  olioiilil  licucr- 
furth  Iw  omillvJ.  Ttiiit  again  ia  not  iguitc  l-xiu-I,  fur  the 
Jiilino  cal«»<lar  geu  behind  tbrcu  days  in  Sx  l^H=:i84  ycara 
iu»tc-iMl  uf  4O0  yeara,  ytit  the  error  lioeti  iinl  amount  to  a  day 
until  aftrr  iiio«  tlrnn  SOOO  yeant  have  ela|i8etl. 

Tu  Mitiplify  the  apiilivation,  every  year  whoM  date  number 
ii  exactly  divisible  by  4  is  a  lonp  year  unless  it  is  exactly  di- 
viaible  by  UK) ;  thotw  years  n-hoae  date-numbera  are  divinible 
liy  100  are  not  leap  years  unleas  they  are  exactly  divisible 
by  400.  when  they  are  leap  years.  Of  course,  the  error 
whieh  •till  remains  could  lie  further  reduced  by  a  rule  for 
the  leap  years  when  the  datt^  iinuiber  is  exactly  divisible  liy 
iO*M.  but  them  is  no  intniediat«  nee<l  for  it. 

Thv  calendar  iiriginated  and  intrniluceil  by  Orcgciry  XlII, 
■nd  kiiiiwn  an  thv  (ire^orian  calendar,  is  now  in  use  in  all 
r.iviliml  riiunlriew  except  ICuaaia  niid  (treece,  although  it 
waa  not  adnpteil  in  Knglund  until  1752.  At  that  time 
eleven  days  had  to  be  omitted  from  the  year,  cAUHiitg  con- 
•iilerablc  diaoriler.  for  the  ]>eople  imapiuetl  they  were  in 
lome  way  being  cheated  out  of  that  much  time.  The  Julian 
ealeodar  ta  now  twelve  days  behind  the  Gregorian  calendar- 
Tb."  Julian  calendar  ia  mlM  Old  Style  (O.S.)  and  the 
(Vrrtrorian.  New  Style  (N.S.  ).  | 

IM.  Daya  of  tbt  Wedt  on  the  Same  Date  of  SsecenlTe 
TcATi.  —  An  ordinary-  year  of  :ttIo  days  ixiniiislH  of  ■'•2  wevks  ■ 

sihI  ooe  day,  and  a  leap  year  oiniuata  of  M  wt-eka  and  two  J 

lUya.     (.'onNetjuenlly.  in  sm-o-eding  yean  the  Mtme  date  falta  I 

ouaday  later  in  the  week  exeept  when  a  il'th  of  Kcbniary  I 

■ta.  when  it  ia  two  days  later.      In  4  years,  anleas  ] 

of  the  vxceptioiuil  periods  containing  no  leap  year,  ] 

ia  changed  5  da>-s  in  the  week;  and  in  28  yeaia  j 

t»  uhanged  S5  days,  or  hack  lo  tlw  «ltM<\ikV;  V^vi^^       I 
Mlalfaa  to  Ibe  lomp  yrar  is  t\ie  «un«.    "V\i»*,  ^^    I 
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dates  repeat  themselves  on  the  same  day  of  the  week  in 
periods  of  28  years  unless  a  century  year  not  evenly  divisible 
by  400  intervenes. 

QUESTIONS  AND  EXPERIMENTS 

1.  Let  a  series  of  five  letters  be  written  on  the  board,  and  find 
whether  all  ohservers  agree  respecting  the  order  in  which  they  were 
written. 

2.  Let  a  series  of  five  signals  be  given  at  intervals  of  say  from  10  to 
GO  seconds,  the  intervals  being  determined  by  a  watch.  Let  the  observen 
estimate  the  actual  and  relative  values  of  the  intervals  and  compare 
them  both  with  each  other  and  with  the  actual  time. 

*\.   Does  the  running  of  a  watch  depend  upon  the  first  law  of  motion? 

4.  How  long  does  it  take  the  earth  to  rotate  through  one  degree? 
If  the  diameter  of  the  sun  is  32',  how  long  will  it  take  it  to  apparently 
move  its  dianu^ter?  To  test  it,  observe  the  time  it  takes  the  sun  to  dis- 
apiHiar  after  its  lower  edge  first  touches  the  horizon.  Is  there  anything 
which  would  cause  tliis  observation  to  lead  to  incorrect  results? 

5.  llow  would  the  solar  and  the  sidereal  dayconipare  in  length,  if  the 
earth  rotat<>d  in  the  o[)posite  direction  with  the  same  sidereal  period? 

().  if  a  ]»erson  goes  around  the  earth  westward,  he  loses  one  solar  day; 
does  he  also  lose  a  sidereal  day?  Does  he  lose  any  time  on  the  basis  of 
the  first  law  of  motion  as  a  definition  of  time? 

7.  l)ev(4op  a  rule  for  leap  years  whose  date  numbers  are  divisible  by 
1000  so  as  to  iiii]>rove  the  (iregorian  calendar. 

8.  February  25,  100,'),  fell  on  Saturday  and  March  25  on  Saturday, 
lu  what  Year  will  the  same  dates  first  fall  on  the  same  days  of  the 
week  again  V 


CHAPTER  IX 
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The  MooD'i  Appirent  Motion  among  the  Stars.  —  The 
hae  an  apiwreut  tliiiriml  motimi  tmiu  cilhI  ti>  wi'st,  like 
that  of  the  sun  nud  slan,  wbicli  is  cauHed  by  tlie  rutntioa  J 
of  tho  wth.  But  witli  resiHKt  to  the  nUm  lix  iiiution  ie  ' 
eaNtwud,  «•  can  bo  verifleil  by  obtwrviiig  it»  jKMitioii  on  any 
two  mooenive  nigtiu.  It«  ciutwanl  motion  is  also  ft])t>wn 
bj  the  fiwt  that  it  crosses  the  meridian  later  every  night. 

In  additiiin  to  morinfir  vnxtward,  tlie  moon  nbto  niov«a 
northnanl  and  southward.  When  it  in  followed  daring  a 
whole  revolution,  it  Ja  foumi  that  its  n|>[>arent  orbit  i«  wry 
newly  a  great  rirrle  which  is  inclined  tu  the  ecliptic  nt  an 
aii|>le  of  nearly  5*  9'.  If  there  were  no  perturbations,  the  I 
ajtiwrent  orbit  witli  reaped  to  the  center  of  the  cartli  would  4 
be  exactly  a  ^roat  circle. 

The  point  where  tlic  mmmV  orbit  cnwses  the  ecHjilic, 
goin);  eastward,  ftxim  south  to  north  is  called  tho  iiirrtttiing 
m»dt ;  and  tfatt  point  when-  it  erocMes  the  pcUpttc  in  the  uther 
directicn  is  called  thit  tlrtcrniiiitg 
wwdt.  The  poailion  of  tlie  iuweiid> 
lag  node  haa  an  im|x>rtiint  intlu- 
•fic«  UQ  the  moon'*  apjiarent 
Motion.  Wheii  the  aaceudinf; 
•ode   i>  at   the  vernal   e<|uinoi:,  naw, 

the  moon's  orbit  makes  an  anf;le  of  3S*'2T'  +  -V  :>'  =  3}f  3 
with   tl>e  equator,  but  when  the  aivendinK  iukIc  is  al  lb*  A 


•i^uinox  it  makfs  an  angle  of  S3* 


PI8'  with  ibe  rqiialor. 
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Su2)[)()se  an  ohservcr  is  in  latitudi.'  +40°.  Then  llie  equator 
crosses  Ills  meridian  at  an  altitude  of  50**.  When  thi? 
asi-endin*,'  node  of  the  moon's  orhit  is  at  the  vernal  equiuus. 
the  hitj^Iiest  altitude  of  tlie  moon  during  the  month  is  ")0'  + 
2s'=:^>'=  T.s^:5»;',  and  its  lowest  meridian  altitude  is  5«»'- 
L>S^  :;»;'=  lir  :24'.  On  the  other  hand,  when  the  ascendiui: 
n(Mht  is  at  the  autumnal  equinox  the  highest  and  lowest 
meridian  altitudes  in  a  month  are  resi)ectively  50^-1-1  S"  !■*<' 
=  »is'  is',  and  :)0°-lS=  1S'=  81°  42'.  When  the  aseending 
node  is  at  souhj  other  point  of  the  eeliptie,  the  highest  ami 
lowest  meridian  crossings  are  between  these  extremes.  The 
r»\^ults  are  similar  for  an  observer  in  anv  other  latitude. 
'JMie  iindrs  make  a  revolution  in  the  retrograde  direction  in 
ahniii  is.i;  yrars,  and  all  the  possible  changes  take  i)Iaoe 
duriiiL;"  that    perlocl. 

200.  Synodical  and  Sidereal  Periods.  —  The  synodical 
iM'iiod  is  tlir  timr  it  takes  the  moon  to  move  from  auv 
ii]'|iMr(iii  jmsitioii  with  res[M*et  to  the  sun,  as  in  conjunetioii 
with  it.  to  I  111!  saiiu;  relative  iM)sition  again.  It  is  most  easily 
and  a((urjit«*ly  drtt-rniined  by  comparing  ancient  and  modern 
(•(•li}»>rs  oj  tin-  suii.  for  at  these  times  the  moon  was  between 
lilt.'  earth  and  the  sun.  To  fix  the  ideas,  suppose  an  eclipse 
1)1'  ilir  sun  wa^  nhs( -ived  L*nn()  years  aijo.  The  time  at  which 
it  (irciii  iifl  will  ih.i  liave  been  accurately  observed  and  re- 
cordr'i.  ainl  out  kiiowledn'c  of  it  will  be  correspondingly 
uin-i-iiaiii.  Sii|)|H»si',  t'nr  exaiMjile,  that  the  uncertainty  is 
•J  Imum-s.  and  iliat  ail  ei-lipso  is  now  observed  with  a  neg- 
ii-jlili-  mill-  ill  Uie  rerordiMl  time.     The  problem  is  to  iin<l 

tin-  ni "s  >yiindic  j>ei-i<id.     Sui:)i»ose  the  wliole  period  ex- 

]ir«'ss»'d  in  (lays  an<l  frai-tiuiis  of  days  is  T  plus  or  niiuus  the 
niiiMrlaiiity  of  -J  iiours.  Then  the  period  of  one  revolution 
is  ihis  whole  jMi'iud  divided  by  the  number  of  revolutions, 
which  can  be  found  from  an  aj>proximate  period  based  on 
observations  for  a  few  months.  There  arc  about  12.4  svnodi- 
cal  months  in  a  vear,  so  V\\v\V  *v\\  "iO^iO  vears  the  moon  will 
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lure  nuulv  '24,800  Kj-nixlic  rpviiliitiuns.  Ilrncv  thu  pvriotl  uf 
Uie  sjDQilic  uoath  i»  found  to  be 

r         2hr. 
24800     24800' 

■  —  .29  sec.      Tlio  actual  nvenigu 

^vomlir  periwl  w  2!)  da.  I21ir.  44  ni.  2.8AM^r..  or  29..'>S0i>U 
da^iv  with  an  uncrrUitit y  of  li-xe  tlinii  onv-U-iit1i  of  h  Mccund. 
Tlte  ndrrval  pf-riotl  ia  the  time  it  taken  the  moon  to  move 
fn>in  any  apparent  [Mwition  with  reHjiect  to  the  Mars  to  the 
^im«  [MMition  a^faiii.  It  can  be  found  by  direct  otRtervationa, 
'  Ik'  chief  riiflicitlty  being  to  liN'ule  the  [HXiitioii  of  itM  eeiit«r. 
ViHither  mclhfHl  in  txi  compute  il  from  the  Hytiodic  {terind 
Attd  the  earth's  [leriod  of  revolution  around  the  itun,  which 
are  related  by  the  o«|iiatioii  (Art.  164) 

1       1       J^ 
A''  M     A" 

wh«n>  SIm  ttw  mooH'H  synodic  jxiriod,  .V  its  Bidcrvnl  period, 
and  E  the  length  of  the  sidereal  ycur.  The  quantities  must 
all  be  eiprcased  in  the  same  units. 

The  aidereal  period  is  not  so  long  aa  the  synodic,  for  the 
Utter  is  the  time  it  takes  the  uioon  to  orenake  the  aun. 
which  is  alM>  moving  enatwanl.  From  the  oiiuntion  aliove, 
and  aUo  from  itlMervationti,  it  is  fnuiiil  thai  the  sidereal 
|N-H«<1  ia  27  da.  7  hr.  49  m.  ll..V*>  sec.  or  27.321Htt  days. 
When  the  period  of  tlie  moon  is  refi?rre«)  to  in  this  book,  the 
bidcreal  period  is  meant  unless  otherwise  stated. 

Tlie  iieriitds  which  have  been  given  are  averages,  for  tlie 

jH-rlurlMtioiu  cause  them  U*  vary  coiiBiderahly.     It  foHows 

from  the  hhhmi's  iieriotl  (liat  its  hourly  motion  u  abtmt  3S' 

I  tbt  avenmo.     Sine*  one  perturbation,  the  evcetion  <,Xtt„ 

"0),  ia  about  1.27'  at  iu  nuximum,  \1  \\}\at(%  \V^  >>m>^ 
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length  of  the  month  may  vary  by  considerably  more  than 
2  hours. 

201.  Daily  Retardation  of  the  Moon's  Transits  across  the 
Meridian  and  the  Time  of  Rising.  —  Since  the  moon's  eastward 
motion  among  the  stars  is  faster  than  the  sun's,  it  follows 
that  it  crosses  the  meridian  later  every  day.  It  gains  a 
whole  revolution  on  the  sun  in  a  synodic  period,  consequently 
the  average  gain  in  one  day  is  360° -^- 29.5306=  12*^  11.4'. 
It  takes  the  earth  nearly  49  minutes  to  turn  through  this 
angle,  but  in  the  meantime  the  moon  has  moved  forward 
about  25',  and  it  takes  the  earth  nearly  2  minutes  more  to 
overt  like  it. 

The  period  may  be  computed  exactly  without  diflBculty. 
In  a  synodic  period  the  moon  has  gained  24  houra  on  the 
sun,  and  it  has  crossed  tlie  meridian  one  time  less  than 
the  sun  has.  Therefore  its  gain  between  two  successive 
transits  is  24  hr.  -h  28.5300  =  50.5  m.  This  period  varies 
considerablv  because  the  moon's  motion  in  its  orbit  is  not 
uniform,  and  also  because  its  orbit  is  inclined  to  the  equator. 
Tlie  reasons  are  the  same  as  those  which  cause  the  lengtlisof 
the  solar  days  to  vary  (Art.  187). 

The  average  time  of  the  moon's  rising  is  retarded  the  same 
as  that  of  its  transit  across  the  meridian,  but  the  variations 
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are  very  much  greater,  depending   upon  the  way  its  orbit 
oats  the  horizon.     Figure  94  ft\\oY;^.»'\\i  A.,tU^  situation  when 
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1  near  the  eant  horizon ;  in  £, 

lending   node   is  near  the  east 

I  intenuvdiate  ca«e.     In  ench  case  S  a 

t  jHiiut,  'V,  llie  position  of  the  moon  wlu-n  it  in  on  the 

,  iV,  itfl  position  24  hours  lut^r,  and  ^Wf  the  anglo 

-ouifh  which  tlie  earth  niiut  turn  in  order  that  the  moon 
lua}'  bf  at  the  horizon  on  the  second  day.  It  is  seen  at  once 
tliat  thu  retardation  is  letutt  when  the  angle  lietween  the  orbit 
of  the  moon  and  the  horizon  i>t  smallest. 

Now  thi*  moon  moves  througliout  its  wlioK-  orbit  vvery 
month,  and  in  this  time  it  is  in  the  tlinw  positionti  shown  in 
the  figure  and  all  the  intermodiate  ones.  For  this  roaaon 
Um  anKHint  of  retardation  in  rising  varica  greatly  during 
•anil  month,  being  once  very  slight  nnd  once  very  great,  U10 
unnODla  driwnding  on  the  latitude  of  tho  observvr.  For 
exampte.  it  the  uhserver's  latitude  were  gnrut,  the  angle  he- 
tw«o  this  equator  and  horizon  would  b«!  small,  and  the  orhit 
of  thi<  moon  in  the  condition  shown  in  A.  Fig.  Vi.  would 
ti*-«rly,  or  perhapa  exactly,  coincide  with  the  horizon.  In 
thin  cAJw  the  moon  would  rise  at  nearly  the  same  time  on 
Hucct-asivc  nights  wlien  it  was  near  the  luw-ending  node  of  its 
■  ■rbit.  Thf  latitude  might  even  he  >n>  grtut  that  it  actually 
would  rine  earlier  some  night  than  tho  preceding  one. 

It  will  be  shown  in  the  noKt  article  that  the  phenomenon 
of  Ute  alight  rvlardation  in  the  time  of  the  moon's  rising 
occmra  when  it  is  full  >mly  in  the  autumn.  In  Septcm- 
tier  it  is  known  as  tho  Jlarvftt  Moom  fnuii  the  fact  tluit 
vi-ars  agti,  when  crops  were  gathcrvd  hy  luind,  time  wu 
precious  and  moimlight  often  useful.  In  October  it  la 
iiown  aa  tlie  Htimlfr't  Moon  for  reasons  which  are  perfectly 


The  Horn's  Pbasw. — Th«  uooa  Mnm  only  by  re- 
He<l  light,  and  its  phases  as  saan  from  the  earth  depend 
t  its  poaitiim  relative  to  the  sun.      Fif;uT«%^  <diMi'«'%  "^a 
a  of  the  emrth,  stui,  ood  moon  at  ttti:  iaooiC%  l<Wtt  -^tv^- 
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cipiil  phases,  and  what  portions  of  the  moon  are  illuminated 
as  seen  from  tlir  eartli.  It  is  seen  that  the  horns  of  tlie 
moon  always  point  away  from   the  sun.      The  line  which 

separates  the  illuminated 
portion  from  the  unillumi- 
nated  portion  is  called  the 
terminator. 

When  the  moon  is  new 
it  is  said  to  be  in  coniunc- 
tion  with  the  sun,  and 
when  it  is  full,  in  oppoti- 
tion.  In  either  case,  tliat  is 
when  tlie  earth,  moon,  and 
sun  are  in  line,  the  moon 
is  said  to  be  in  x//^://////.  Its  anjifular  distance  from  the  sun 
MS  siM'M  from  tlie  I'ai'th  is  its  elonyation^  and  it  is  said  to  be  in 
fffffit/raffu'c  jit  th(*  lirst  and  third  quarters.  The  whole  nonien- 
chit  HIT  is  parallel  to  that  used  in  cfise  of  the  superior  planets. 
It  follows  fr«)ni  the*  dia<i^ram  that  the  full  moon  is  180* 
fi'oni  tin*  sun.  Suppose^  for  the  moment  that  the  moon's 
oiMi  coincidt's  wiih  the  i'clij>tic,  and  let  us  find  the  time 
(»f  I  111-  year  at  wliicli  the  I'etardation  in  the  rising  of  the  full 
moon  is  ijir  least.  From  Kiof.  !)4,  yl,  it  is  seen  that  the 
riMardaiioii  is  ilir  least  when  the  moon  is  at  that  jvart  of  its 
orl)it  \\lii<li  iiitrrseiis  ilie  equator  from  south  to  north. 
I'liat  i--:,  it  is  in'iiitlie  \rriial  equinox,  and  since  by  hypothe- 
sis it  is  full,  tin*  sun  must  he  180' distant,  or  at  the  autumnal 
tM|uino\.  '\'\\r  sun  is  near  the  autumnal  equinox  in  Septem- 
luM-  and  Oetolirr,  and  it  is,  therefore,  only  at  this  time  of  the 
year  thai  tin"  plh'ni»mi-na  «.'f  the  Harvest  and  Hunter's  moons 
ran  1k'  ol)ser\  ed. 

To  illustrate  still   move  fullv  ihe  relations  involved,  let  it 

lu'  required  to  lind  the  time  of  the  year  that  the  retardation 

of  the  risinij  <»f  the  moon  is  least  at  the  first  quarter.     The 

ivtunlntion  is  alwavs  least  w\\ou  x\\o  \\\v>va\\^\\«wc  \\\a  vernal 
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x;  coniteqni^ntly  it  is  (irat  qunrter  wh^n  the  monn  ia 
ftt  the  Trmiil  i-cjuiiiox.  At  this  pliaw*  the  sun  is  90*  wMt  of 
th«  moon,  unci  hal^  th«r«tor«,  a  ripht  naccDHion  oi  18  hours. 
Thi*  sun  iuui  this  ri^tht  aareuHion  iu  Decenitier;  ttierefore  the 
rvtartUtioii  in  rmu^  at  the  first  (]iurter  is  lenitt  in  Dect-mbcr 
and  Jniiuary. 

Wlipn  the  moon  ix  ntw,  the  sunlif^ht  ri^floctiHl  from  thv 

enrtb  partially  illuminates  it«  ilark  side  anil  (fivm  what  in 

kDown  u  f'irtk  aAiW.     Thin  earth  sliint'  is  probably  twenty 

tim«>'  as  hright  n»  mik<mli}rht  in  un  the  varth  at  the  time  of  full 

moiU),  nml  enalilm  un  l<i  m><*  iIip  nmoirH  wliuh'  outline. 

903.   DlctrRHitloa  of  SunUgbt  and  Moonlight.  —  Tho  amount 

^  tnotinli^hl  rrceivcil  hy  the  earth  is  ri'lalivfly  uniniiMirtant 

rvpt  nvnr  the  Umv  of  full  mtton;  henco  in  tlie  prrMtnl  dia- 

liitn  unir  thi«  phase  will  lie  eonsidered. 

It  follows  from  the  rtlationa  of  the  sun  and  moon  thai  (he 

1  ni<Mn  b  1HU'  from  thu  sun,  and  riscfi  as  the  sun  Heta  and 

I  aa  thi-  sun  rises.     When  the  sun  is  nn  the  jiart  of  the 

liptie  •oulh  of  tlie  eipiulor.  the  full  moon  is  near  the  part 

r  the  e<rliptiu  which  is  north  of  the  equatiir,  and  rior  ivrM. 

refore.  wb«n   the  sun's  rays  strike  the  earth's  surface 

'  obliquely  as  it  crosaos  the  meridian,  the  moon's  rays  strike 

it  roore  nearly  i»erpendicuUrly.     When  it  ia  perpetual  nifiht 

in  the  polar  re^uiui.  the  glwim  is  partially  diftjielled  by  the 

.  nwioii  always  heinf^  alwve  the  horiion  from  timt  (juarter  tn 

linl  quarter,  and  about  as  far  above  when  it  ia  full  as  the 

)  is  Wlow. 
,  Th«  inelitintion  of  the  motm'a  orbit  to  lht>  ecliptic  and  thu 
riilutiiMi  of  ita  nodes  modify  these  rrsulta  to  aoiue  extent, 
stimea  exagpsratinf*  them  and  at  others  minimizing  them. 


QUUTUWS  ASD  KXPmMWn 

L  Varifir  hy  tAimrvttiiin  Ibr  mom**  Milward  tnntlaa  amonx  t, 
»  atti  ■■ttwste  Uw  dlMaiicr  mavptl  in  uue  daj.  \(  a  S«  x<p«i  «.V^ 
r,  vwritjt  it  la  a  ahifto  Byming. 
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2.  Verify  itn  northward  and  Bouthward  motions  by  obaerrifig  ita 
altitudes  as  it  crosses  the  meridian  in  ita  different  phases,  or  the  point) 
of  the  horizon  where  it  rises. 

3.  What  is  the  greatest  motion  in  declination  the  moon  can  ban  ii 
a  month?    The  least? 

4.  What  is  the  ponition  of  the  line  of  nodes  when  the  moon's  moalh); 
motion  in  declination  is  equal  to  the  sun's  annual  motion  in  declinatian! 

6.  Suppose  an  eclipse  was  obaeired  250  yeai's  ago  and  that  ita  tim* 
woti  det^rniiiied  with  an  error  not  exceeding  2  niinules ;  if  it  is  com- 
(jared  with  a  recent  eclipse  whose  time  is  known  with  an  error  not 
exceeding  30  seconds,  what  is  the  limit  of  error  in  the  synodic  period 
found  (rojn  these  data  ? 

6.  In  comparing  different  eclipses  is  it  uecesaary  to  use  the  time  of 
the  same  meridian  for  lioth  ? 

7.  Compute  the  length  of  the  sidereal  month  from  the  formula  exr 
pressing  it  in  terms  of  the  synodical  month  and  the  ridereal  year. 

8.  If  the  moon's  orbit  coincided  with  the  ecliptic,  for  what  latitudf 
would  the  moon  rise  on  succesaive  nights  at  the  same  time  when  it  mtt 
near  the  vernal  eijninox? 

U.  Taking  the  inclination  of  the  moon's  orbit  to  the  ecliptic  intn 
account,  what  is  the  lowest  latitude  for  which  the  same  phei 
be  observed  ?  How  does  the  position  of  the  nodes  of  the  moon's  orbit 
affect  the  rasult  ? 

10.  Would  the  earth  as  seen  from  the  moon  have  phases  aa  the  moon 
does  as  seen  from  the  earth?    If  so,  what  are  their  relations  to  each  other? 

]  I.  At  what  time  of  the  year  is  the  daily  retardation  of  tht?  rising  of 
the  new  moon  the  least  ? 

12.  Suppose  the  ascending  node  of  the  moon's  orbit  is  at  the  vernal 
oquinox ;  at  what  allilude  does  the  full  m()on  cross  the  meridian  for  an 
obwrvor  in  latitude  42"  in  December.  Marcli,  June,  and  September? 

18,  SiipiKise  thr!  ascending  node  of  the  moon 'it  orbit  is  at  the  autumntt 
nqninox,  and  mnke  the  corresponding  discusaion. 

N.  Suppose  the  a-icending  node  is  at  one  of  the  solstices,  and  raslw 
tha  corresponding  discussion ;  does  it  make  any  difference  at  which 
NoUtiod  it  is? 

Ifl.  For  what  position  of  the  ascending  node  of  the  moon's  orbit  is  tb» 
distrll>iition  of  both  sunlight  and  moonlight,  considered  together,  mart 
uniform  for  the  whole  year" 

IB.  Supposo  the  twilight  gives  sufficient  illumination  to  enable  one  t» 
make  explorallous  until  the  sun  is  10°  below  the  horicou :  suppose  tbi 
niLiunllnht  will  nnsiv'r  lh>-  «Hma  purpose  a.*  long  as  the  moou  is  abof* 
[111'  hurliciu  ami  it.-i  plinw  grvalor  lliau  Unit  m.xin;  how  many  weeks  Is 
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met  of  the  Kooa.  —  Tliv  nictlnid  of  finding  the 
'  mci-  ic>  liti-  nxiDn.  wliicli  tuniiiHtM  m  tinilmff  tlio  diETnroocfl 
ii»  iltrfcliun  .v  M-eii  frotn  two  |tointfl  on  llie  i:artli  wliow 
iliAtJUic<>  npart  is  known,  was  explained  in  Art.  19.     ThUJ 
•rticle  •tiiJiild  tie  read  again  in  this  oonnfction. 

TIm;  i>liM>rvnti(iii8  show  tliat  Uie   mean  [Hirallux  of  Uib  ^ 
noon  is  AT'  :!.^":  thnt  is,  thu  earth's  i.*qtiutorial  radius  sub- 
tentb  this  aiiglt^  at  tho  moon's  mean  distanee.      From  the 
fonnuU  (Art.  £0) 

where  in  thin  t^»M  r  ii  the  di»tance  Uk  the  moon,  /  the  niliua 
of  the  earth  In  inile»,  and  D  the  puraUax  expreatwd  in  degreoa, 
it  M-fnaDd  tlut 

p  =>:  338.840  milM. 

The  circttniference  of  the  moou'a  orhit  Ih  3  w  r  =  1,500,680 
mils*.  Uividiug  thia  by  the  sidereal  peno«I  expressed  in 
boon,  it  is  (onnd  that  Uie  moon's  orbital  vehioity  averages 
S3Mtt.6  miles  iwr  liotir,  or  8.167  ftwt  pvT  second. 

A  body  falls  at  the  surface  of  the  earth  about  16  feet  the 
flrat  aeeond ;  at  the  distance  of  the  moon  it  would  fall  about 
10 '•■<HI>a>  0.0044  feet,  becanae  the  earth's  attraction  varies  ■ 
inrenwly  m  the  aqoarc  of  the  distance  from  ita  center.  I 
Therefore,  in  going  3S5tl  feet  (nciarly  two-thtnis  of  a  mile),  I 
the  moon's  orbit  drriatcai  fmm  a  slraiKhl  Hnconly  about  one-  I 
twentirth  nf  an  ineh.  I 

905.  Maoa's  OrUt  with  Respect  to  the  Earth.  —  The  moon's  I 
diataoce  variea  from  about  '2il.*IUi>  uiilea  to  '2.V2,il70  miles,  \ 
eaiMUig  a  eorreaptmding  variation  in  its  iipfmrrnt  diainet«r 
Slid  parallax.  The  orbit  is  an  clli|«e,  except  for  the  pertar-  J 
■  MOM  explained  in  Art.  170,  with  an  average  cvoentricitjr  I 
'.'K'A'Jl  i  the  irarth  is  at  one  of  its  foci,  and  the  motion  is  J 
-  1.  Ii  that  the  law  of  areas  (Art.  187  I  is  fulfilled  (nearly)  1 
k^ik  respect  tu  the  cantvr  of  thu  eart\}  aa  an  otvigvu.    '^t!VM 
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perturbulions  by  tlie  sun  cause  large  deviations  from  ellip- 
tical motion;  indeed,  no  planet  or  other  Siitellite  deviates si" 
much  from  an  elliptical  orbit.  The  point  of  the  moon's 
orbit  nearest  the  earth  is  called  the  perigee^  and  the  farthest 
point,  the  apogee . 

206.  Moon's  Orbit  with  Respect  to  the  Sun.  —  The  distance 
from  the  carlli  to  the  sun  is  about  400  times  that  from  the 
earth  to  the  moon;  consequently  the  oscillations  of  the  moon 
back  ami  forth  across  the  earth's  orbit  are  relatively  so  small 
that  iliev  can  hardly  be  represented  in  a  diagram,  lieeaiise 
of  this  (lisj)arity  of  distances  and  the  relatively  long  periwl 
of  the  moon's  revolution,  its  orbit  is  always  concave  to- 
ward the  sun. 

The  reason  can  be  seen  from  Fig.  96,  which  is  not,  how- 
ever, drawn  true  to  seale.     Suj^pose  the  earth  and  moon  are 

at  E^  and  M^  respectively  at  a 
certain  time.  If  the  moon's  or- 
bit is  ever  convex  toward  the 
sun,  it  will  be  while  its  motion 
is  away  from  the  sun.  Suppose 
the  earth  has  arrived  at  E^  at 
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the  end  of  half  a  sidereal  month. 

The  moon  will  have  moved 
tuirnr'l  tlh-  line  /•;,/(  in  the  interval  2x238,840  =  477,080 
niii.>.  (ill  tlie  oilin-  liand,  the  appropriate  computations 
sliow  iliJii  tlit^  e:nlli  lias  moved  atray  from  ^^A  2,7i>0,0(M) 
miles.  i'liai  is,  tlie  moon  lias  moved  away  from  the  line 
:.».7oo,ono.- -iTTt'iSOr.  ^,.^±320  miles,  and  the  moon's  orbit 
lias  been  (MOicavc  tnwar.l  tlie  sun  at  every  point. 

207.  Rotation  of  the  Moon.  —  i'he  moon  always  keeps  the 
sann'  sitb*  iowar<l  ilie  eailli,  and  therefore,  as  seen  from  some 
|n»int  other  tlian  the  earth,  it  rotates  on  its  axis  once  in  a 
sidereal  month.  Its  direetion  of  rotation  is  the  same  as 
lluit  of  revolution,  k\y  from  west  tt»  east.  The  plane  of  its 
t»fyuator  i^  inclined  aboui  1"  ;V2'  la  the  ^jlane  of  the  ecliptic, 
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•ikI  Uw  two  pUnen  alvrsjH  inlvrwect  in  the  moonV  line  of 
tio<lM  becaun  of  tbe  dUlurbing  efTecta  of  tbe  «nrtli*«  Attnu;- 
tian. 

Tbtf  mooa'a  sidereal  day  is  of  Llie  same  Icairth  as  iU  nde- 
real  inoutli.  Ita  Bolor  day  is  of  tbe  same  Icugtli  as  iu  sytiodio 
month,  tui  can  be  seen  tnna  Uio  fact  that  tbe  ttauii!  face  is 
tan>ed  toward  btitb  tlic  eartb  and  tbt!  miti  nt  every  full 
moon.  As  cotn[<ar(Kl  with  the  t»irtli,  oth>'r  tiling  beiiiff 
equal,  thv  t4Mnp«niturti  ehan^<«  of  day  uti<l  iii^bt  wotibl  Iw 
mach  Rraat«r  l)ocauaa  they  are  w  tntioh  luii^r,  and  tlie  sea- 
Kwud  changes  would  be  much  less  because  of  tbe  small 
inclination  of  the  plane  of  the  moon*s  equator  to  the  plane 
of  ita  orbit. 

The  moot  remarkable  fact  connecteit  With  the  rotation  of 
tiie  moon,  ia  that  it  iit  al  prpcisvly  such  a  rute  that  the  Harae 
stde  of  it  is  always  toward  the  earth.  It  is  intinit«ly 
impmbahle  that  it  was  Btart«d  exactly  in  this  way,  and  the 
IK-rnliar  luotiou  stmnKly  suggesta  the  itlea  ihnt  tliere  have 
'  '-ii  foruea  at  work  whicli  liavu  brought  about  this  unique 

uditioii.  Au  explaualion  ban  ttcen  found  in  tidal  rearlioiw. 
i  r  iuu  bern  bImiwu  (.Art.  l~~)  bow  llic  ukkw  raisat  tides  on 
tbe  eartli,  and  in  *  [trei'isely  similar  mnniior  the  eartb  gives 
riao  to  even  ffreater  tidal  foret«  on  the  miM^n.  The  niuon 
baa  tbe  a{qi«muice  of  having  been  at  one  time  in  a  plastic 
condition,  when  there  went  certaitdy  tides.  It  will  be  ahown 
Kt  an  appropriate  place  (Art.  UoO)  that  the  tides  tend  to 
iBske  equal  the  in'riod-i  of  rotation  of  tbe  tidally  distorted 
boily  and  of  its  reviduiion  aniiuul  the  tidc-raiHing  IkhIv.  It 
is  Itrlirvrtl  that  ihr  moon's  [MtriiKl  uf  rotation  and  rovohitiun 
have  liecifme  npial  front  this  i-ause. 

908-  Ubratlwu  of  the  Mooo. — 'l*he  statement  that  the 
m<M<n  alwayM  baa  the  itaiiii-  sidi-  toward  the  viarth  t»  not  true 
iu  the  »irii:t«^t  m'iim'.     It  wouhl  be  ho  if  tlte  plane  of  its 

liit  and  of  iu  «.-<]uator  were  tlie  Mune,  and  if  it  moved  al  a 
Hly  ttnifonn  au^'ulsr  velocity  in  ita  otVtvx.. 
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The  inclination  of  the  plane  of  the  moon's  equator  to  its 
cubit  is  about  y  V -^  V  :i2'  =  6^  41'.  The  sun  shines  alter- 
iialuly  over  the  two  poles  of  the  earth,  because  of  the  in- 
clination of  the  plane  of  the  equator  to  the  plane  of  the 
t'f'liptic.  In  a  similar  manner,  if  the  earth  were  a  luminous 
ImhIv,  it  would  shine  iV  41'  over  the  moon's  two  poles  in  a 
month.  Instead  of  shining  on  them,  except  by  reflected 
lii^Iit.  ih«-  tiliini:^  of  the  moon's  axis  of  rotation  enables  us  to 
se«'  tjiiit  flistanee  over  the  poles.  This  is  the  libratiou  in 
lijlitudt'. 

Tli»'  uMum  rotates  at  a  uniform  rate ;  at  leiist,  the  departures 
fiMiii  niiil'nrinitv  are  absolutelv  insensible.  It  would  take  in- 
(•ou«<ival»ly  ^^\vd{  tones  to  make  perceptible  short  cliangesin 
til'.'  rnt;iti«)U.  ( )ii  tlie  other  hand,  the  moon  revolves  aroun<l 
tlic  ciirtli  at  a  ii(»ii-uniform  rate,  for  it  moves  in  such  a  wav 
ihar  ilir  law  (if  an-as  is  fulfilled.  Consider  the  motion 
siiiitinu^  tVinn  iho  peii^j^ee.  It  takes  considerably  less  than 
nil-  (jiiariiT  of  tin*  j»Lrit)d  for  the  moon  to  revolve  through 
1")\  uimI  ill'-  ■a]\'j:\k'  of  rotation  is  correspondingly  less  than 
'.»•'  .  Tin-  r«-Niili  is  that  the  part  of  the  moon  on  the  side 
t'l'AMi'l  il;c  i'<-ii'_;*'r.  that,  is  the  western  edge,  is  brought  par- 
vii.l  V  ihio  \  i<'\\ .  ( )ii  tin*  opj)osite  side  of  the  orbit  the  other 
si'lt;  i^  nr-'ii-lii  jiariially  into  view. 

Ill  ;:'l'iiii')ii  1.)  iliis.  tin*  invH.»n  is  not  viewed  from  the  earth's 
<«'i;t<:.  WJ!' 11  ii  is  oil  I  ii«' horizon,  the  line  from  the  observer 
1"  ihr  nio. .11  in.ik»'>  an  aiiL^'le  »►£  about  one  degree  Cthe  paral- 
lax "f  tin;  ni'Miii)  willi  thai  from  the  earth's  center  to  the 
iiiooii.  Tjiis  niaMrs  'iIk-  observer  to  see  one  degree  farther 
aiMiiii«I  its  side  than  lie  (-(.iuld  if  it  were  on  his  meridian. 

'{"lie  r«-sult  is  that  tlnMv  is  only  41  per  cent  of  the  moon's 
surface  w  hicli  is  n«"V<'r  seen,  while  41  per  cent  is  always  in 
siL(hi,  and  18  ])i'V  cent  is  sennet inies  in  sight  and  sometimes 
not. 

209.  The  Size  of  the  Moon.  —  'Die  mean  apparent  diameter 
of  the  moon  is  31'  8-\  tl\ou<j^\v  Wvv^  w\)\N'jLrent  diameter  varies 
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where  I  is  the  linear  diameter,  D  the  angular  diameter  ex- 
pressed in  degrees,  and  r  the  distance.  If  one  sayg  the  moon 
appears  to  be  ten  inches  in  diameter,  the  formula  shows  that 
]ie  unconsciously  assumes  that  its  distance  is  about  90  feet. 
The  assumed  distance  varies  directly  as  the  estimated  lineur 
diameter. 

If  the  moon  were  imagined  to  be  at  the  distance  of  most 
distinct  vision,  18  inches,  its  linear  diameter.  I,  would  he 
estimated  to  be  one-sixth  of  an  inch.  Or,  expressed  differ- 
ently, an  object  one-sixth  of  an  inch  in  diameter  held  at  a 
distance  of  18  inches  from  the  eye  would  just  cover  the 
moon. 

210.  Mass  of  the  Moon.  ^Although  the  moon  is  com- 
paratively OLMi-  to  tlio  earth,  its  miiss  cannot  be  obtained  so 
easily  as  that  of  some  other  bodies  farther  away.  It  will  be 
remembered  that  the  method  of  determining  the  masses  of 
bodies  is  by  finding  the  amounts  of  their  attractions  for  other 
bodies.  Thus,  the  mass  of  the  earth  was  fnund  by  compar- 
ing its  attraction  with  that  of  a  heavy  ball  or  of  u  mountaia 
(Arts.  106,  107). 

One  of  the  simplest  ways,  theoretically,  of  finding  the  mass 
of  the  moon  is  from  its  period  around  the  earth.  The  for- 
mula for  the  period  is  (Art.  181) 

where  a  is  half  of  the  major  axis,  k  a  constant  dependin^r 
upon  the  units  employed,'  and  E  and  M  the  masses  of  the 
earth  and  moon  respectively.  Suppose  E  is  known  and  that 
P  and  a  are  found  directly  from  observations.  Then  the 
unltnown  M  can  be  found.  The  difficulty  uf  tins  method 
lies  in  the  fact  that  the  moon's  motion  is  greatly  perturbed 
by  the  sun. 

'  When  the  rnaaa  of  tlie  smi  is  ukcti  aa  unity  k  =  0.0172021. 
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and  its  mass  is  -— -  that  of  the  earth.     The  density  of  the 

ol.T 

earth  on  the  water  standard  is  5.53  (Art.  105).     Therefore 

the  density  of  the  moon  can  be  obtained  from  the  equation 

(UMisity  X    vohime  (of  the  earth)  =  81.7  density   x  volume 

(of  the  moon)  ;  whence  the  density  of  the  moon 

^,  ^  J_    v..lu.n(>  of  the  earth  .  ^^^^      ^^  ^j^^  ^^^^^ . 
81.7    volume  of  the  moon 


or 


ri'=-^x  50x5.53  =  3.4. 
81.7 


It  was  shuwn  in  Art.  182  that  the  surface  gravity  is  given 

1)V  tlie  rcjuiition 

iili 

whcrt'  G  is  the  ixravitv  at  the  surface  of  the  earth,  d  and  R 
till."  (liMisitv  and  tlu*  radius  of  the  earth,  and  the  accented 
k'ih*i>  tlu'  cDriH'spondiug  ([uantities  for  the  other  body.  It 
follows  iVoiii  tht^  iiunu'rical  values  of  these  quantities  for  the 
iii.M.n  whirli  havt*  lu'cn  ij^iven  that  G^' =  ^- ff.  That  is,  any 
l).).ly  w<»ulil  wfiLrh  l>y  a  spring  balance  about  one-sixth  a^s 
imirli  ini  ilu-  niotni  as  it  would  on  the  earth.  If  mountains 
(HI  \\\v  moon  wiTc  composed  of  tlie  same  material  as  those 
on  iIh"  tartlu  tlirv  i-onld  he  six  times  as  high  without  crush- 
in^:  ili«'  I'nk  ai  tin*  hoitoni.  If  a  body  were  projecte<l  u|»- 
waid.  say  hy  V(»lranir  action,  it  would  go  six  times  as  high. 
A  Coitr  would  u^ivr  a  mass  the  same  velocity  upward  as  it 
wonld  on  lilt'  surfaci*  of  tlu'  earth,  but  the  moon's  attraction 
won  Id  not  stoj»  it  so  (|uickly  as  tlie  earth's  would. 

212.    The  Atmosphere  of  the  Moon.  —  The  moon  has  no 

almiispht'ir,  (H",  at   thi'  most,  an  excessively  rare   one.     Its 

aI»srM(H'  is  proved  by  tht*  fact  tliat  at  the  time  of  an  ecli|^ 

t)f  the  sUn,  the  nuH)n\M  limb  is  [uM'feetly  dark  and  sharp  with 

mt  diHtoriian  of  the  sun  due  Vv>  Yv>i\Avi\ASi\!L,    Similarly,  when 
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are  vast  quantities  of  oxygen  ia  the  I'ocha  of  the  earth's  crust 
wliich  may,  possibly,  Luve  been  lurgely  derived  from  a  grea; 
original  atmosphere.  And,  according  to  the  kinetic  theory  ol 
gases,  the  moon  could  al»o  have  lost  its  atmospheric  gaties  bv 
the  escape  of  molecule  after  molecule  from  its  gravitalive 
control.  This  would  be  a  rapid  process  in  the  case  of  ii  body 
having  the  low  velocity  of  escape  of  1.5  miles  per  seconil 
(Art.  lll)i  especially  if  it«  days  were  so  long  it  bt'oami- 
highly  heated.  It  seems  probable,  therefore,  that  the  motm 
could  not  retain  an  atmosphere  if  it  had  one,  and  that  what- 
ever it  ever  may  have  acquired  from  volcanoes  or  other 
sources  was  speedily  lost. 

213.  Light  and  Heat  received  by  the  Earth  from  the  Hoon. 
—  The  moon  is  on  tlie  average  just  iibont  its  far  from  the  sun 
as  the  earth  is,  and  consequently  receives  about  the  saoic 
amount  of  light  and  heat  per  unit  area  as  the  earth  receives. 
Consider  the  question  of  the  amount  of  light  and  heat  received 
by  the  earth  from  the  moon  at  the  time  of  fall  moon.  The 
surface  of  the  moon  receives  about  one-fourteenth  as  mocb 
light  from  the  sun  as  the  earth  does,  for  its  surface  is  only 
one-fourteenth  as  great.  Suppose  all  that  the  inonu  receives 
is  reflected  so  as  to  illuminate  uniformly  half  the  aky.  The 
assumption  is  incorrect,  for  light  is  reflected  to  more  tbiin 
half  the  sky.  If  it  were  not,  we  could  not  see  the  moon  at 
all  until  the  first  quarter.  But  light  is  not  reflected  eqnallv 
over  the  whole  part  which  is  illuminated.  The  reflection  i» 
greatest  back  toward  the  sun,  and  consequently  to^-ard  the 
earth  at  the  time  of  full  moon.  Thus  the  two  errors  in 
the  assumptions,  to  some  extent,  balance  each  other,  ildiI 
the  computation  will  give  an  idea  of  what  to  expect. 

The  radius  of  the  earth  ae  seen  from  the  moon  is  nearly  !'■ 
Therefore  its  apparent  surface  in  degrees  ia 
•JT  X  1^=  3.1  square  degrees. 


surface  of  the  heiuispliere  ^N\w?.<l  twVvwsw  R,  the  distance 


(mm  thm  atrUi  to  Uie  moon.  It  'Z  v/f.  Tn  ex|>re«)t  tlie  uwn  in 
are  tavmim,  R  mu»t  be  tvpltuwd  by  JiT.S,  (rum  whioli  it  fol- 
Inwi  Uiat 

2  »/P  =  '20,ti30  »(|iiRre  degree*. 

Conavqumtlr.  tuidrr  tlie  liypotliowti,  lliu  enrUi  would  rcct-iva 
aUmt  j,Vj*  =  ««rt  ^*  '^"-'  ''S''^  wliinli  full  uimn  the  njwm. 
.SiiiL-4-  thi-  uiiMU  rcH-'civod  ootf-fuarteeQtli  a»  louch  aa  tbe 
earUi,  Utv  uiouii light  would  be  about 

tlutt  of  sunlight. 

Now  tbe  oiooD  (ioM  not  rofluct  alt  tho  light  rec«ivr<l. 
Aromling  lo  Ztillner,  itM  reflccliiig  power,  or.  tecbmoHlly.  il« 
alhfdo,  Ix  only  1).1~4.  CoiuteiiueDtly,  the  amount  of  light 
trcrivr<l  from  the  moon  would  be  only  itlxiut  one-sixth  of 
ttuit  given  above,  or  ^i^^iiA  ^''"^  <>^  xunlight. 

It  in  not  ea«T  to  comiwrt*  tniKinlight  with  sunlight  by 
direct  meoourement,  and  the  n-sult*  ubtuiniHl  by  different  ob- 
•ervcnt  differ  considerably.  Zidlncr'a  renult.  wbii-h  ui  near 
(!•«■  mean  and  which  is  coniinonly  aoccpte<l.  is  ihAt  tlte  light 
fif  tlte  full  mcKin  is  sTjiViia  that  of  sunlight.  The  light 
rei-eiveil  fmoi  the  niuon  nl  any  other  phase  is  less  in  prupur- 
tion  to  t}ie  QluminatiNl  part  wbieh  is  visihle,  and  taking  into 
coimdenition  llie  whole  month,  tbe  average  aiuonnl  of  light 
and  hral  received  from  the  moon  is  less  than  oue-inillionlb 
of  tluit  received  from  the  sun.  Mon;  light  and  heal  are 
received  from  the  snu  in  HO  secon<ls  than  are  re<.'eived  Crom 
tlie  moin  in  a  year. 

S14.  Tenperatnre  of  tbe  Hooa.  — The  tcmperntnre  of  the 
roiKin  dejienda  u|K>n  the  amount  of  beat  roeeivetl.  tttc  amount 
n-flerleil.  and  the  rate  of  radiation.  'Iliat  wbieb  is  directly 
n-Hii'tcd  does  not  lioat  the  moon.  This  is  almut  17  {wr  ocnt. 
&4  wa«  stated  in  the  bkst  aKiele ;  the  remaining  H3  per  cent  is 
<!>4orfaed  by  tbe  moim  and  raises  iu  temiierature.  Tbe  nAft 
(  radiatioa  at  a  givtm  («mpeniture  u  \\o\  •attuix^  \xsxv^ 
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When  the  moon  is  eclipsed  by 
11. •  •.i/Mj,  !).•:  /;x'i.;i?.i'//i  *»{  h<:at  quickly  ceases,  which  shows 
ili.ii  ilii:  fafliiih'fij  ift  iii|.id.  Therefore,  the  temperature  dt)es 
III. I   liiiiiiiii-  vi-iy  liif(lj,  <tvi?ii  though  the  sun  shines  continu- 

•  'II  .h  I  iMMii  par!  of  the  nioon  for  more  than  fourteen  i 

I  hi  «.iiili-i  il.iN.i.  On  thu  other  hand.  Very  has  conrlmlo'l 
III. Ill  uiiiii  »ili.M'i\alii>ns  that  ihiring  the  lunar  day  the  ttin- 
I'.  ..uiiu  I .  hi.'.h.  proliiihly  more  than  200''  Fahrenheit,  ^^ne 
i'  .    vx'.ir.!!,   .iiul    that    is   that  during   the  h'liir  luna: 

.    .V K-.ii'.i'.v  t.i'ils  \efy  low,  |H.»rhaps  -•K»-  or  -O"' 

V.    .    .    :■  .     v    ■■v".      r-.o   !. -west  teniivratvire  ever  kIi■^\:l 
V  s         ■  .^    •.  '^  >^  IX  I'.v:::  ■;»i.''-  below  icTO. 


..  ..re 


c    :fi'v:i  X  ton::. era; 

?v    .■Y.'v.'C>  :i  tlie   ea 
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Tlie  beigfal  of  m  RHiunUun  oo  the  moon  u  fuand  (rom  tba 
iaagth  of  tlw  aluulow  it  cute.  Tbtu,  in  Fig.  101  (n«  mlao 
pc^u  ID  Tbeophitiu,  Kiff.  1(M)  the  idoodUud  M  v.iutii  « 
■hsdow  riMrhttig  to  >i.  Sine*  Uw  itiu  of  Uie  nxwa  i»  known, 
tbe  tea^h  of  tliv  tluulow  AM  can  be  compuicA  \xt  m'tun. 
Tbe  taguhu-  mitUude  of  the  »un  a  ttt^uWk  \o  ^^bn  wo^ii^iA 
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distance  from  JH  to  the  termina- 
tor P.  Then  it  is  aji  easy  matter 
compule 


on  the  moou,  there  is  no  twilight, 
and  the  shadows  are  Waek  and 
easily  observed. 

217.  Lunar  Craters.  —  The 
most  remarkable  and  uiinsjiicii- 
0118  objects  of  the  lu- 
nar topography  are  the 
craters,  of  which  more 
than  30,000  have  been 
niapiKid.  TJiere  have 
lieen  successive  stages 
of  activity,  for  new 
craters  everywhere 
have  broken  through 
and  eocroaehed  upon 
the  old,  like  Kilanea 
on  the  ruin  of  Maunit 
Imh,  Often 
ters  ai)pear  within  old 
ones.  The  newer  ones 
have  deeper  floorK  iind 
steeper  and  higher 
rims.    One  of  tlie  m<isl 
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1  baro  in  tbeir  ccnlprs  lofty  and  spire- 
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Tbm  entefs  oo  the  moeo  an  ai  fmifwiMr  nze,  ottm  hea^ 
SO  or  00  niles  in  diameter,  and  is  acme  eates  reachiag  op 
even  bejrood  100  nalea.  Plolemj  is  11a  nulea  acmas,  wlnlt 
Tlieophiliu  is  S4  mOes  ia  (fiaaieter  and  19,000  fieet  deep. 
The  peak  in  the  gitti. 
'  eater  Coperoicas  Ui«- 
>  11.300  feet  above 
I  the  floor  Emm  wlacK  it 

The  very  aeala  of  the 
lunar  cratets  nmea  dif- 
tio  allies  tn  ■■nJ-*"'";' 
their  caaae.  Ifftbeyon- 
i>f  volcanic  mgin,  thv 
i  tirity  whrnh  was  »i 
,-■  time  present  there 
i  nuously  aur{Mt>s<-il 
<  ■■■iliiug  of  which  tti'- 
;,th  iinw  givra  any 
I'ience.  The  cones  in 
tU-  centers  of  the  cra- 
ters are  also  pacBlinri- 
ties  which  have  nothing 
phoiQaraphed  analogous  in  tecreatml 
olcanoes.  Water  is 
fluppn«G<l  to  play  a  part  in  volcanic  action  on  the  eartlt. 
but  theru  i«  no  evidence  that  there  ever  has  been  any  wi 
the  moon.  Gillwrt  nuggested  that  the  hmar  craters  may 
have  been  formed  by  the  impact  of  meteorites,  but  it  ia  raon) 
l^en^^rally  believed  that  they  are  the  undisturbed  records  of 
the  violisnt  volciuiic  action  to  which  worlds  are  subject  in 
the  early  HtnfjuH  of  their  evolution.  There  are  dii^oulties  in 
thia  view,  for  there  is  not  the  distinct  evidence  of  lava  flow 
that  one  Would  ospeet,  and  in  general  the  whole  rim  of  the 
arnttr  xroiild  not  nearly  fi\\  fhe  oaV^'j  \l  A  -wwtft  ■^'at.  into  it 
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yrlitbftt  the  crat«ni  were  ffirmed  by  the  bunt- 
I  wlitcli  fincc  covered  the  moon.  When 
t  rttlivved,  the  relntJvely  thtti  0(>v«ntiga 
n  bnrk  into  thr  oitvitios. 
Sit.  Riyi  and  RUls.  —  Some  of  tho  \ntgc  crator*.  particu- 
rlj"  Tvcho  ami  (.'oiwrnicua.  have  lunj;,  light  streaks  called 


^IML  — ndl  MiMi.^MInK  nqn  Itnta  Tjrhn  ami  CntiKnik-iM     Flkntiir^Kid 

m,  ndiatinft  from  them  Ukt  sjiokiM  from  the  axle  of  a 
Ml.  They  are  nut  Interferfd  with  b^r  hill  or  rallsy.  aad 
tj  oft«D  rxlrml  a  distance  of  Mrvenil  bandred  mile*.  Tbttjr 
It  no  aiudowK,  which  prnvea  that  they  are  of  the  nine  level 
"  •  »dj»o«nt  aurfapD,  and  they  are  mott  ooiU9iwwM&  «X  ^ioA 
I  of  (all  noon.     /I  biu  Imcd  tuppoMd  "irj  «qida  titanlbSlBiirt 
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are  lava  streams,  and  by  others  that  they  were  great  cracb 
iu  the  rocky  surfuce  formed  at  the  time  wUeii  the  crawn 
were  active,  which  have  since  iUled  ujt  with  lighter-colored 
material  from  below. 

The  rills  are  long  cracks  in  the  moon's  surface,  a  mile  ot 
80  wide,  a  quarter  of  a  mile  deep,  and  sometimes  as  mucti  u 
150  miles  long.  They  are  very  numerous,  more  than  a  thou- 
sand having  been  so  far  mapped.  The  only  things  like  liifin 
on  the  earth  are  the  Grand  Caiion  of  the  Colorailo  and  the 
cut  below  Niagara  Falls,  but  these  gorges  are  the  work  nt 
erosion,  which  has  probably  been  absent  from  the  surface  uF 
the  moon.  The  most  plausible  theory  is  that  they  are  cracks 
which  have  been  caused  by  violent  volcanic  action  or  liy 
rapid  cooling  of  the  surface. 

Tlie  rays  and  riUa  are  very  puzzling  lunar  features  wliicb 
Beem  to  be  fiiudamentally  unlike  anything  in  ten-estrial 
topography.  Even  our  nearest  neighbor  differs  very  radi- 
cally from  the  earth. 

219.  Changes  on  the  Hooa.  — There  have  been  no  observed 
changes  in  the  Lirger  features  of  the  lunar  topography, 
although  from  time  to  time  some  minor  alterations  have  lietn 
suspected.  The  most  probable  change  is  in  the  small  crater 
Linnd,  in  the  Mare  Serenitatia,  which  was  mapped  aboat  d 
century  ago,  but  which  was  said  by  SchmitU  to  be  invisihlt 
in  1866,  It  is  now  visible  as  originally.  It  is  generulh 
believed  that  the  differences  in  appearance  at  the  diffcn-ul 
times  have  been  due  to  sliglitly  different  phases  and  iUtuiii- 
nation.  Since  the  moon's  orbit  is  constantly  shifting  witli 
respect  to  the  ecliptic,  and  since  the  month  does  not  cou- 
tain  an  integral  number  of  days,  it  follows  that  an  observer 
never  gets  twice  exactly  the  same  view  of  the  moon.  The 
differences  in  appearance ,  due  to  differences  in  phase  Me 
illustrated  in  the  accompanying  photographs. 

It  is  altogether  probable  that  the  moon  long  ago  coaled  tfl 
the  point  where  volcaniti  ap,t,v"i\  Cfiases.  aud  since  there  is 
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239  I 

star1mnc«  | 

nnerutura 


ni-iltMr  air  nor  wntor  an  iu  Kiirfnre,  tht  fotiTv4:n  of  (listar1mnc« 
arv  tlui  tiilnl  slniinv  Ami  l\in  extraint-s  uf  U-mperutu: 
lM.'twn*ii  iii^liL  and  <lny.  While  it  nniiltl  txi  ton  miirli  Ui  aay 
that  tXigbl  crumlilin]^  and  ilisiatc^fmtiiiii  ia  not  Htill  taking 
place,  yet  il  is  certain  tliat,  ou  the  whole,  the  monii  in  a  lioiiy 
wIkwm  inlemal  evolution   is  euientifllly  fintHlii;().     The  sea- 

riitl  cluui);cii  arv  nniiii[><irtaiit,  hut  thtru  ih  ailteniiitely  llio 
rilling  ^lan*  of  u  sunltfjiit  nvvt-r  tompcn-d  hy  {Himint;  oIuikU 

!  oYon  iin  Btintwjilicro,  nnd  the  hlnoknuxs  and  frigiditr  of  tha 

ii;;   lunar   nijjht.     Month    snccceds    month    without    any 

ii|HirUiiii  vnrialiiin  of  the  |>hen<>uicim. 

220.    S«eiag  the  Hoon  tbrongb  a  Telescope.  —  When  a  i>er8on 

'  'k*  llintu);h  a  telertrojte  at  the  nimm  fur  lh«'  tint  time,  he  i» 
I  -Mni»ht^l  that  he  can  lU'e  the  markiuf^  on  itii  snrfiirt-  mtu-h 
I  ..tinrr  without  it«  l<M>kin){  lar)^r.  <.lf  cunr«e,  liis  idea  thai 
It  <l>>fK  not  liKik  Inr^r  la  an  ilhuion  dtiu  to  tliu  fm;t  tliat  hu 
)iaa  Dtilhiiig  with  wliieh  In  compare  it.  If  the  obcterver  looks 
llirou;:h  [he  tuhe  with  one  eye,  anil  alonj;  tho  ootaide  with 
tlif  other,  he  will  at  once  vonvince  hiniaelf  that  tlie  rvawni 
thr  i<-lfHtN>|ie  ahuwii  the  surfaoe  marking  so  plainly  ia  b^ 
CMusf  il  magiiifiex. 

Ii  in  fre<)u«ii(ly  axkrd  how  near  a  [Mirtit-ular  t^lewope  will 
apparently  briu);  the  ntoon.  ThiM  dependu  ii[Kin  tho  mafpii- 
fyinff  {kower,  whivh  in  turn  depends  upon  the  oyepieoo.  aa 
waa  abown  in  tho  clm|itcr  on  teleHcopea.  A  maj^ifying 
power  of  100  dianwtcr  ap|i«renlly  redueon  the  distance  of 
tbd  moon  to  ^Jg  of  ita  actual  aiuount,  or  to  HQO  mileit. 
A  RUkgnifyiRg  jMwer  of  1000,  whii'h  \»  about  an  much 
aa  ia  arer  luml  even  on  the  lar^iit  ti^leacopca,  apparantly 
brings  it  to  within  240  inilen  of  lu.  Tlimu  theoretical 
reaolts  ani  by  no  meatLH  rvaltivd  in  practice.  Ko  telescope 
ab<iwii  ibe  moim  so  well  as  we  could  nee  it  if  it  were  only  240 
miles  from  ua,  for  the  inia^<  is  suhject  to  a  ffn»t  variety  of 
<  rrora,  which  are  nui|{nifit-il  juMl   the  same  as  tliOM  tbioQi 

huili  wa  wish  to  observe. 
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-  ;:f:t'  '•  t"  iw.  and  it  a^^rees  ni-^re 
-•  ■•!  irMii^.s  lu  call  iIk*  areal  uia-jr.i- 

A'-:  •.Miipliiy».?d.  altli«ini,'h  iliis  is  li-.-t 

\\  .t  riiiiiliiiialioii  of  tihjfOtive  ii!i»i 

!:::i':«rs,  ilie  areal  maijiutk*aii«'ii  i-j 

i-.  wii'ii  a  jjower  of  100  is  iiseii. 
:  III  liiL'  nuKUi  looks  10,000  limes  ii* 
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li  ':■  .  ■■•;■;■,■  ^i;j.|-.-Mi  il,;it  tin?  l»est  time  to  vioAV  the 
iii'>'-:'  .  '...-J!  ■:  ,-.  !'i.!.  ii'it  riii-N  is  nut  S(».  At  this  phase  w»* 
■-'  !i:i!  j'.irt  V.  i.!.!i  i-s  I'liiiii'iv  iliuniinalLMl,  and  ilit»re  are  no 
.  Ii.i'l'»"s  I"  liiiiij  '<ii;  i!i.-  iliii.Mrni  features.  Photographers 
Mii'lt-i  hiii'l  lilt-  \;iiii('  lit"  .>had"\VN,  ffir  thev  always  seat  one 
i'T  :•  [I'-iiiMii  ill  siH'h  :t  \\\\\  tiiMi  \\\v  liofht  is  stront)fest  from 
"III- .'.iili  .  Ij  iln-\  sliniil.!  t;ikr  ;i  t"n>nt  view  with  the  whole 
l";ni'  iinii\»iiiil\  illmniuMti'd.  it  woiilfl  jixik  flat.  Likewise  tlie 
iiili  iihiDii  looks  n'l:iti\rlv  llat.     'lUe  most  satis faet or v  view 
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1  when  it  U  near  tlic  qiiniier,  fur  th«n  the  inoiiii- 

r  thi'  t«riniruitor  <Mwt  their  Vnig,  jMiinled  Bhnilows  anil 

B  wmlla  of  thrt  cmtrre  shiKlv  their  floors. 

|Stl.    Effect!  of  the  Hood  oa  the  Earth.  —  T\w  moon  refleclx 

nlight  til  ih«  f»ith,  uml  it  |iroiluceii  the  tidex.     Thi'itc  arc 

)  only  inflni<nc«8  that  can   he  oixicrvcd   hy  the  onltiiary 

It   hiiM  qiiiltf  a  DiimtH-r  of  minor  efTfcUt,  titich  n« 

kn]{tng  thi*  {HUKtlitiii  uf  tho  vnrth  nml  trniisiiit*  mintitu  dvHec- 

s  of  ih«  tDOf^t'tic  iKH-Jlu.  hut  they  arv  all  m>  sniull  that 

1  ht?  drtwtvt)  only  by  tx-Hnml  nit'aiis. 

LTbnre  biv  a  great  many  iileits  popularly  cntertoinci.  HUch 

■  it  ia  more  liahle  to  rain  nt  tJiu  time  cif  u  "  cliango  "  ni 

•  that  cr(i{M  grow  \iv»t  when  planteit  in  certain 

Fwhich  have  no  Mivntifli-  foundation  whatever.     It  is 

nin  Art.  218  tliat  the  amuunt  uf  heat  rucuived  from 

Ml  is  insignifiaiDt  vomparod  to  that  rwoivwl  from 

,  and  it  ia  unrvoaonable  to  supposo  that  it  prwlucea 

'  witsiblc  climatic  changes.      Keconled  obaorvatioiut  cx> 

■iding  oTvr  mnr«  than  100  yeani  fail  tn  nhow  any  certain 

1  between  the  weather  and  the  phaM"  of  tlie  moon. 
Tlie  [ihenrinir-na (if  storms  nlao  show  thi^  practical  independ- 
mrc  I'f  the  HlMte  of  the  weather  and  the  phase  of  the  tnoou. 
The  storm  ecniera  move  across  the  eonniry  from  west  l«  eaat 
at  tlw*  rate  of  40U  or  500  niilen  jier  day,  and  they  can  simie- 
tiinea  be  folhiwe<]  entirely  amand  the  earth.  If  one  i>assea 
over  a  certain  locality  and  causrti  )ireoi]iitalir>n  at  the  time 
the  moon  "  change*."  it  will  pass  other  pW-cs  when  the  moun 
doea  not  "change."  For  tlte  firat  place  tin'  Ibeorj-  would  l>c 
ventie<l  and  for  the  other*  it  would  not.  The  raooo  ia  popu- 
larly MipjKJMed  to  "cliange"  when  it  is  new,  and  full,  and  at 
the  i]uarteni.  As  a  matter  of  fact  it  clianges  all  the  time. 
and  it  would  \»  just  as  reasonable  to  divide  the  month  into 
three  )Mna  as  into  four.  These  sufierHtitions  violate  the  taw 
'4  cause  and  effoet.  and  may  be  taken  as  illuatntxu^  ^3cA 
wonderfnl  vitality  cvrUia  cIumm  uf  ertura  yooacaa. 
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QUESTIONS 

1.  How  great  an  error  in  the  computed  distance  of  the  moon  wouM 
an  error  of  1"  in  its  parallax  make  ? 

2.  Draw  00^  of  the  orbit  of  the  earth,  and  draw  along  it  the  orbit  oi    ^ 
the  moon  true  to  scale,  supposing  that  tlie  earth's  orbit   is  a  circle,  aiA 
that  the  orbit  of  the  moon  with  resj>ect  to  the  earth  is  also  a  circle, 

li.    Devise  a  simple  experiment  to  illustrate  the  rotation  of  thenifum. 

4.  Describe  in  detail  the  ajiparent  motions  of  the  earth  as  seen  frciii 
the  moon. 

.").  Dot's  the  sun  have  a  diurnal  motion  as  seen  from  the  nioi>n  ?  Ih^ 
it  liave  an  annual  motion  with  respect  to  the  stars? 

«}.    Draw  diajj:rams  illustrating  the  librations  of  the  moon. 

7.  How  largr  does  ilit*  moon  appear  to  you?  From  this  ci")mput« 
vour  uncunscious  otimate  of  its  distance. 

•'^.  Kind  how  far  from  the  eye  a  coin  has  to  be  held  to  jnst  cover  tlie 
moon.  Mfasuif  the  diameter  of  the  coin  and  find  what  angle  it  snbtends, 
that  is,  tin*  :niL;ular  diameter  of  the  moon. 

1>.  Where  is  the  center  of  gravity  of  the  earth  and  the  moon  ^ith 
resjKM't  to  the  .surface  of  th(*  earth? 

Ul    If  a  ]>as»'l)all  jilayer  could  live  on  the  moon,  could  he  throw  a  ball 
witli  any  i;ieater  .Np'ed  than  he  could  on  the  earth?     Could  he  throw  it 

any  faitlier? 

11.    Kind    Tyj'lio.    Copernicus.    Kepler,    Herodotus,    Theophilus,  tlie 
AjM'unines,  M;irr  Serenitatis,  and  Mare  Imbrium  in  Fig.  1(>6- 

]J.   Can  you  lind  more  than  two  generations  of  craters  in  any  part  of 

V\<^.  ln:iV 

l;>.    N«>te  the  nuin«*rous  small  isolated  mountains  in  Fig.  105. 
11.    In  Fiu.   1(1.')    find   mountains  which  cast  more   slender  shadows 
than  ar«-  ca>t  by  the  ]>eaks   in  Theophilus. 
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CHAPTER    X 

F.Cl.II'SK.S 

„.  «a^  Caodltioiu  for  Eclipses.  —The  moon  is  flcltpaed  when 
it  |i«Mi  II  iuto  tlic  eiirtli's  sliadow  so  lliul  tl  iloi'S  not  rvecivo 
the  direct  liglu  of  tbe  xuu.  The  sua  la  uclijisMt  wlien  the 
mmiti  [MHM^  betwt^u  it  udiI  llie  earth  ao  as  to  cot  off  it«  light 
firm  H  i)ortii>i>  of  tht!  Mrih.      Thus,  in  Kig.  10"  (^which  U 


not  (IrrnwD  to  inw  tiro|M>nio»(i),  if  thu  moon  a  anywhcra  be- 
tw«ea  «  and  i.  it  will  l»  at  U-utt  iwrtially  vtlipwd,  while  if  it 
it  wiywbere  bvtwenn  r  nnd  </  it  will  cclipsi!  llin  sun  for  at  leut 
■ocna  put  at  the  rarth. 

Th«  aluuluw  rVti  i»  th(*  uinkra.  and  tht^  [Mvin  PVL  and 
POK  w  the  ptHmmhra.  \  itoint  oiiywliere  in  the  iimltra 
Rcciv4ta  iio  light  (Ureutty  fruio  tbe  »im,  while  u  jiuinl  in  the 
peoumbm  nxwivtM  tight  from  only  ii  jHtrljon  of  iho  sun.  The 
illntniiution  of  tho  iwrnirnhni  dis:n?aiH»  stpodily  from  iu  outer 
bordvnt  to  the  coDi]iI<>te  UurkneiM  of  the  umhm. 

Satmvlimnt  Ihe  moon  diwtt  not  \wl»a  t^ntin-ly  into  thv  iinibrn, 
■nd  thrn  it  is  only  iwrtiutly  colifMHtl.     ErtTy  L^clijuw  <if  the 
miMHi  is  visihlv  al  oup  time  fnini  a  whole  hcmi(t]ihi;re  of  tite 
rarlh.  and  fnimtJie  odililiotinl  part  whiuU  \%  vJ>ASxWvt>xt^\i^i  t 
irhili!  it  Untm. 
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.  ■  :"..■:  '•nil  will  ap['r;ir  l•^  Kr-*  .:!! 

...  J  .i:-'u::'l  rh*^  "at^i-U',      Su.-li  ii:i 

■     :.:.,'<  fi.-Ii['S»-.*.     On  the  ■a\fi'.c^ 

:  '..'■  ifiH.'ii  i.s  never  mueh  ijrcau-r 
i:  ■■  ::.■.-  tiiiif  of  a  total  erlij'S*--  "! 
'..'.. ^  .iSMiut  7  m.  4<»  st'i-.  ui  tl;c 
•  '  :  .i:i.i:«-i  ill  lalitiule  4M'. 
..  -  v.:\-  iMT»i<lIv  across  the  eanli. 
rli:  ilivitled  hv  its  sviio«li*. 
;'•.  -•:  its  svnodieal  nioti«>ii. 
:.'ir.  The  sliadow  moves  ai 
'.'..■■  t'Uiih  rotates  in  tlie  sanu- 
:]'■•>  j»er  hour,  the  motion  oi 
..1  nil's  surface  at  tlie  equat^T 
i.N  .jIm.ui  L'lJo  lo^o- Iti'-o  ;:,;•..<  |.,.r  hnur.  Where  it  strikes 
iIh'  riiitli  <iiili'jiii'ly,  it  is  vny  uiUi-Ii  i^nu-ater  tlian  tliis. 

ii"iu'i'   ViT  is  drawn  as  \\\o\\'A\  vXw^  \\\v\v\vv'^  vNtVsNX-^^t^  in 
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tli«  i)Uii«  or  tlie  Mliptid.  If  iin»  wcr«  Hr>,  Uiero  would  hv  uii 
(wllpwe  of  both  the  sun  unl  the  moon  evvrv  synoilicnl  mouth. 
But  it  was  seen  in  the  last  chapter  that  tho  moon's  orbit  is 
itK-linf^d  to  the  eclijilic  at  an  nn^^lo  of  5*  It' ;  conaequently  it 
inikT  |MifM  above  or  below  the  shadow  cone,  so  that  there  will 
\v  no  nlifMe  at  all.  The  effects  of  thin iiiolinattou  muHt  now 
U-  rtm>.itI.T«-d. 

313.  Limits  for  Lnocr  EcUpBCS- ~  Let  the  plane  of  the 
•■•-lijiiii'  itnd  the  iii<Hiti'H  orlnt  bi-  ntpn-seulod  as  in  V'n;.  108. 
I.<'t  A  l»e  the  twcendin^  nodtt 
of  the  mtwin's  orbit  and  B  itn 
tlirMremliQ^  nolle.  The  earth'n 
ah*diiw  travel:*  nlon^  the  ecliptic 
•t  a  ilUitJinee  of  180*  from  the  Dun. 
I<et  Sj,  ■■;  .Vj  bo  four  jKMitionH  of 
this  kluidow.  It  takes  the  earth'H 
alutdow  one  year  to  pass  fnim  A 
■round  the  ecliptic  back  to  A  again 
(negleeting  the  motion  of  ilie 
nixle),  but  llifi  moon  moves  fmm  .4  around  ita  orbit  back 
to  .4  affain  in  a  Hiderval  month.  If  the  moon  iituuteri  the 
n«le  A  while  the  earth's  obadow  i»  anjwliere  l>ctween  .V, 
and  Sj.  it  will  In-  at  lenttt  [uirtinlly  ecliiHi«d.  The  ooiuli- 
tinn  at  the  deitevmling  node  B  ia  enlireir  ainiilnr. 

Now  let  IM  fiml  the  dialjuiee  fr^im  3^  t»  A.  Citnaider.  for 
■implii^ity,  that  .9,.4.V,  in  a  piano  triangle:  let  // repreaenl 
tbe  ani|;le  at  A.  r  the  distance  .^^A.  and  '  the  diatanuo  5,V,. 
Then  Uie  fonuula  (Art.  20)  gives 


In  tba  preaent  ease  i>  a  .V  9*  a  5.I.V.  and  /  expresMid  in  arc 
Bwwiir«  u  fiti.A'.  or  Imlf  of  ah  <Fig.  107).  SuhvUtuting 
Umm  numbers  in  the  formnhu  it  ia  found  that 
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Because  of  this  variations  in  tlie  inclination  of  tlie  moon's 
orbit,  and  in  the  distances  of  the  sun  and  moon,  this  limit  oaci!- 
lates  about  1°  each  way  from  the  value  given.  In  the  further 
discussion  the  mean  value  will  lie  used. 

224.  Number  of  Lunar  Eclipses  ia  a  Tear.  —  The  distann 
from  .S',  to  S^  (Kig.  108)  is  on  the  average  about  21°.  Tht 
Bun  and  the  earth's  shado\r  move  along  the  ecliptic  at  the  i 
rate,  or  0.985(i°  daily.  Suppose  the  moon  passes  the  sliadov 
at  5,  so  that  it  barely  misses  being  partially  oclipsed.  II 
will  take  a  synodic  month,  or  29.53  days,  for  it  to  gft  in  ccii' 
junction  with  the  shadow  again.  But  in  the  monntime  tk 
shadow  will  have  moved  29.105°  from  .S|.  or  beyond  S^  ami 
there  will  be  no  eclipse.  It  follows  similarly  that  if  there  liad 
been  a  partial  eclipse  near  S^  there  would  have  been  no  ec)i]M 
at  all  near  S^.    Therefore  we  have  the  following  conclusions : 

(1)  The  eitrth'i  thadow  ntaij  paKu  one  of  the  nodrs  of  tU 
moon's  orhit  without  there  beint/  an  rcUpse  of  tlie  moon. 

(2)  There  can  hf  but  one  eclipge  qf  the.  moon  whUe  the  eartk'i 
shadow  IB  patting  one  of  the  nodes  of  itg  orbit. 

Suppose  that  the  moon  is  not  eclipsed  near  S^,  and  tliat  it 
just  misses  being  eclipsed  at  S^ ;  let  ub  find  whether  or  not 
there  will  be  an  eclipse  while  the  earth's  shadow  is  passing 
the  node  B.  In  5  synodic  months,  or  147.65  days,  the  earth'* 
shadow  and  the  moon  will  be  iu  conjunction  somewhere  near  £ 
In  147.65  days  the  earth's  shadow  will  move  forward  145.5*. 
and  it  will  be  145.5°  +  10,5°=  ISli.O"  beyond  j4.  If  the  mnon's 
nodes  were  stationary,  the  conjunction  would  be  1 80°— 156.0'= 
24,0°  from  B,  but  they  revolve  in  the  retrograde  direction  onw 
in  18.(5  years.  Therefore,  in  5  months  they  will  have  mo\-erl 
backward  about  8°.  and  the  eonjunction  will  be  24°— S'^HT 
from  the  node  B.  It  folh)Ws  that  there  wilt  be  no  ecliptc 
neur  .Vj,  and  by  counting  forward  a  synodical  month  it  is 
seen  that  there  will  be  none  near  S^.  By  a  similar  discussion 
it  can  be  shown  that,  if  there  is  an  ecliptie  of  the  mooncentnl 
atr^,  thero  mu$t  bo  one  neat  B. 
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From  this  iliMUwioii  it  fullowM  llial  in  a  ytnr  (hrrt  mag  ht 

ftro  rtixpMtofthr  moon,  or  »n«.  or  non«.     Whfn  tlioro  iir«  two, 

■.'\,-,-y  occur  MX  synodif  months  npart.     "Hiere  is  ad  exc«p- 

.  -ntS  cnfte  whicb  may  hajii^en  otice  in  a  ocntury  or  two. 

1  iierv  mif{hl  l>e  nn  i>c1i|Mt!  ii«Hr  the  1st  of  jHiiuary.  another 

•yniHlir  raonllucor  177  tlHyi),  Inter, nm)  Btill  amitherliTiUy* 

.i<T,  nhii'h  woiili)  Hlill  W  tit<fon>  the  i-ntl  of  the  ycnr.    Only 

'  this  HBV  (-nn  thorv  l*c  three  FK:lipB«.>s  of  th«  moon  in  n  y<>>ir. 

825.  Cfajtracter  of  Succeeding  Lanar  Eclipeee.  —  SiijijHWf  nit 

;i|i*-  of  lli«  U1.X1H  U  .-entrivl  lit  A  :   in  177/2  dayn  th«ru  will 

'-  «ni)lht^r  174.lt''  further  alung.      Hut  in  thf  uifantimv  the 

Moiltf  It  will  huv<!  moveil  hiitk  '.).-!*,  uml  ihti  orliiiM*  will  hu 

l74JJ'-(13O"-0.4')=:4.0''U-yuntI  il.     The  motm  will  imm 

through  the  M>uth«m  part  of  the  shadow. 

ConBider  the  fullowirif;  conjunction  near  A.  It  will  'iwur 
1T4.«>'  l*y«n<i  tlie  point  of  conjunction  near  H.  or  174, t" 
4  4.11  =  178.0'  beyond  B.  In  the  interval  the  mJc  A  «ill 
lu%-u  movfil  Wrk  'J.4';  thftrcfortf  the  conjunction  will  be 
1T*.0  -  (180'  -  ViA')=  8.ir  U-yond  A.  and  tlu-ro  will  be  an 
eclifwe.  In  this  ciue  the  mwrn  will  jinss  through  the  north- 
cm  |«rt  n(  th«  earth *B  slutiluw. 

The  ronjunciion  al  the  end  of  the  next  177.2  days  will 
occtir  \T  beyond  B,  and  there  will  tw  no  eclipMe;  nor  will 
tbere  have  bevu  onv  2*.l.r>  days  carli<'r,  for  tlie  evlipMe  limit 
WM  miMoI  on  tliu  other  side.  In  five  aynoilto  montlut,  or 
147.I16  daya,  there  will  be  another  conjunclion  IS*  +  146,5" 
a  157.0*  beyond  B~  During  this  time  A  movm  backwanl 
T.8*,  ao  that  the  conjunrlion  ia  OSO^- 7.8')- 157.5'=  14.7' 
Iw^fore  A.  Thia  la  ontatde  of  the  p>*lipM.'  limit,  and  2SI.5  days 
Inter  the  ctmjunelion  will  he  beyond  the  ecli|i»i-  limit  on  the 
■I  her  side.  .\ft«-r  177  days  mow  there  will  !>«  a  conjnni'tifm 
l>'.7'  Itefore  B,  which  is  m>  near  the  ctli|wp  limit  that  tbt-ni 
ujy  or  ntay  not  be  an  erlipw.  accordinft  us  tlie  diittani-ea  of 
the  aun  aiHl  the  reoon.  and  the  poaition  of  tW*  «»)•»&  \w\Mb 
orbil,  Mtiafy  ihe  nqa'uiUf  modiliiina  ur  noV. 
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This  process  may  be  continued  as  far  as  is  desired.  It 
nuist  be  remembered,  however,  that  it  gives  only  average 
results  because  of  the  varying  distances  of  the  sun  and  moon 
and  their  irregular  motions. 

226.  Solar  Eclipse  Limits.  — Let  the  ecliptic  and  the  moon's 
orbit  be  represented  on  a  plane  as  in  Fig.  109.  Let  S^  S^ 
>Sg,  S^  represent  four  apparent  positions  of  the  sun's  center 


Fig.  109. 

on  the  (X'liptic  such  that,  if  it  is  in  conjunction  with  the 
nioon,  it  will  be  at  least  partially  eclipsed  as  seen  from  some 
point  on  the  (*arth. 

In  Ki<^.  lOS  the  moon  was  drawn  touching  the  circle  of 
till*  (MrllTs  shadow  at  the  eclipse  limit,  but  in  Fig.  109  it 
would  not  l)e  coneet  to  show  the  moon  as  apparently  touch- 
inj^  the  sun  at  an  eclipse  limit.  The  reason  is,  as  is  evi- 
(ItMit  from  V'vj,.  1<>7,  that  the  sun  might  be  eclipsed  as  seen 
from  one  j)oint  on  the  earth's  surface  and  not  as  seen  from 
another.  When  the  moon  is  near  <?,  one  part  is  eclipsed, 
and  when  it  is  near  th  the  opposite  part  is  eclipsed. 

'Hie  averaire  ani^idar  distance  c  rf,  Fig.  107,  as  seen  from 
tlie  earth,  is  '1  o^s'.  Consequently,  if  aSj,  Fig.  109,  is  at  the 
ei  lipse  limit,  *S\J/j  --=  1    29'.     Then  from  the  formula 


r  =57.3 


I 


it  is  found  that,  sine**  I)  =  5  0'  and  /  =  I''  29'  in  arc  measurv, 
r  =  aS'j.I  =  ItJ.o".  'J'lie  ehanij^in^^  values  of  the  inclination  of 
the  moon's  orbit  to  the  eeliptie,  and  of  the  distances  of  the 
sun  and  the  moon  from  the  earth,  cause  this  limit  to  vary 
trom  about;  IS.S"*  to  18. T)'.     T\\vi  §>\\\\  ^xid  \aoQn  must  be  in 
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otrnjanctioa  with'iD  thin  ilintance  of  the  nnde  of  the  mctoa's 
urbil  iu  onler  thnl  nn  vclipHe  uf  th<>  oun  inny  oocur. 

897.  Munber  of  Sotu  Eclipses  In  t  Yeir. — SupjKMe  the 
>uii  ami  tiKuiii  lire  in  oniijiiiictiini  iR'nr  -V,  iiikI  lliiit  lliera  is 
«n  <r<'li|«<.*.  Ill  ^I'.-'tS  liny*  Uicy  will  \)«  in  cmijunction  ngaiii. 
In  tht-  ineAntimv  thv  sua  will  have  moved  along  the  ecliptic 
2S.  1' ;  but.  nnce  the  (liBtuoce  froai  S^  to  5,  ia  38%  it  will  not 
jet  have  panaod  beyond  the  ecliikse  limit,  and  there  will  be 
anotlicr  fcli)Hie. 

In  ITT.'i  tUtytt  after  the  ecltp«e  near  iV,,  the  sun  nnd  moon 
will  be  in  (-i'njuncltoni4;Hin  17-1.6'  fitrtliuraloti);  thi-i-cHptic. 
Tbif.  will  W  174. *t"  -  lti.5-  =  li8. 1"  from  tliu  node  A.  But 
the  mnli?  tt  will  Iiavc  movod  l«ck  9.4*.  so  that  t))e4;nujuiic- 
tioii  will  be  (lW-y.4')-lii».r  =  12.o*  More  B.  Since 
till*  is  within  the  ccliiMe  limit,  there  will  be  an  ecliiuie  at  thi« 
time.  Iu  iiKoli  d«ys  the  xun  ami  nuMtu  will  be  af^iti  in  con- 
janction  29.1*  fartltcr  uli>n{{,  or  Ui.Q'  beyund  U.  This  ia 
very  near  the  evlipsd  limit,  and  an  ec.-li|n(e  mur  or  may  not 
--cur.  sceonlinj;  an  the  diiitaQcos  of  the  sun  and  the  moon 
:r-iai  the  earth  and  the  inclination  of  the  nioon'a  ortut  sat- 
i-fy  the  ret(uiiiitr  conditions  or  unt.  From  thin  it  fuUowa 
tlut  llien>  arv  always  nt  least  two  eolijises  of  the  sun  in  a 
y<rar,  and  there  may  be  (lirev  or  fi)ur. 

tSS.  Character  at  Succeeding  Solar  Ecliptee.  —  'Hie  deter- 
miiiatioit  of  the  inwilion  of  the  eclijMe  with  rea^iect  to  the 
OHton'ii  nndirs  U  maile  just  as  it  was  fur  lunar  eclipav*  in 
Art.  im.     Only  reHuIt*  n«ml  be  given  here. 

KupiMMc  the  sun  and  moon  are  in  conjunction  pn-riaely  at 

A,  Kig.  lOU;  then  llw  sun  is  e«li|wecl  for  points  on  the 
earth's  equator;  nr  rather,  sinet;  the  eigimtor  is  inclined  tn 
the  ecliptic  by  S>T  27'.  for  [Mtints  somewhere  in  the  torrid 
uior.    The  next  pulijwe  will  occur  when  the  sun  i»  4*  Iwrond 

B.  Since  tlie  moon  is  at  thin  |Kijut  south  of  the  ecliplii\  the 
'■<  lijMe  will  be  vtaililv  for  [toints  in  the  suutlwttx  VvMX««v\vKt«. 
The  neat  ecli/jwe  will  occur  when  ihu  aun  \»  ^  VscNttT^A  A- 
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c»Ac  Ihf.  mixm'ti  sliatlow  mu«t  oxlvm)  fartlior  In  onlcr  to 
alnkt.'  the  i-.krth  tlian  when  il  fnllx  on  tlio  ciiuaturial  n>tnoD 
^>tf  Fij*.  107).  the  ecli[«e  in  apt  to  be  anuulur;  nr.  if  the 
moun  is  luit  ittclmltHl  l>etwe«a  tke  litjtis  ^7*  tuid  fiP,  the 
evli|B<o  will  Ik>  only  [Mtrtial. 

Whvn  there  Kre  two  oclipse*  of  th<>  8uii  visible  in  the 
vqiutorial  rrt^nnM,  them  nru  cither  no  c<i'li]M(C«  of  the  moon. 
or  onlv  pnrtinl  wlipHcs. 

The  couclniiiim  is  tluvt  thfrt  will  he.  at  the  Uait,  tmlg  tin 
e^ipsei  in  a  jfrar.  holh  nf  ihr  •mii  ;  ar,  at  th*  tnoit,  tii  tclipaet, 
fvMr  «/  the  tun  and  two  a/  the  m/n>H.  There  ix,  bfsiileH,  the 
exer[ilii>iiiil  I'lbw.'  whiT«  ui  vcliiuw  ciccunt  ni>Ar  the  Int  nf 
JaniMry.  Knit,  lipri»iM<  of  iht-  rvi*ri-iwiun  of  the  inoon'^  nodeo, 
S  *^MMith  ci'-ciim  bcfarr  t)iL>  end  of  tht-  y«nr. 

130-  RetrewloD  of  Dates  of  Eclipses.  —  Siare  rclipseo  cnn 
<K-ctir  ••nl y  wht-ii  tht*  nun  or  cartli*(i  hKaiImw  ir  neitr  one  of  tlie 
tnoxii'*  I1•Mll'■^  it  followii,  from  the  regrentiion  of  the  moona 
ncMl<^  that  the  ei-lifi«eii  uiuitt  occur  Burlier  every  yvnt.  The 
p«>n<xl  of  rernlatioit  of  the  line  of  iKxieH  i»  18.6  ytuin. 
'ITierf  fon\  the  yemrly  n-invasion  in  the  datoa  of  eclipMa  inurt 
ftvrr^r*  3fio.25  d«y«+  18.6=  li>.C  (Uys.  There  are.  how- 
ever, marked  rariiitions  from  thiti  avemj^  U>caiiHc  of  th« 
chaftip^  of  the  nuuilnT  of  e(-Ii|iM>H  in  it  year. 

ni-  ReLaHre  MHmbers  and  Preqnenciea  of  Looar  and  SoUr 
MtpfTf  —  There  are  aUfut  (our  tvliiiwH  of  the  mm  to  three 
of  the  iniN>n,  on  the  avt-raifu,  hut  the  former  are  wen  at  any 
jMrtit-'itlar  |>laoe  very  much  le«H  fre<iuenlly>  Tl>e  muon  is 
ver>'  ftlruide.  Since  an  e^'Uiew  of  tlte  iu<Kin  is  niwnys  visible 
fn>ui  more  than  half  of  the  «irtH,  it  follows  tluit  an  obscrrer 
at  any  {dure  may,  on  the  Hvera|*e.  see  a  little  more  than  half 
of  the  lunar  Mlipses  which  oceur.  On  the  irther  hand,  an 
eclijMe  of  t)te  aun  i«  riaihle  fn>m  only  a  Tury  timall  jiart  of 
Uke  (*«rth'a  Mirfaoe,  and  an  obM-nrer  does  not  see  it  uuleM  ita 
I  by  him.  The  path  of  totality  in  geuetWi\-j  \«w 
iuQM  wide  Mad  a  few  tliuusaud  tiu\m  \uu%>    'V\vb 
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eclipse  is  partial  over  a  region  usually  four  or  five  tbotuaiud 
miles  wide.  It  is  clear  that  the  path  of  totality  will  strike  t 
given  place  only  very  rarely. 
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Fiu.  11"),  — Path  i)(  Totnl  Solar  Eclipse  of  Au([DHt  29-30.  1«». 

232.  The  Saros. — The  saro»  is  the  period  of  time  after 
which  the  conditions  for  eriipses  very  nearly  repeat  them- 
selves. It  wa.1  fonnd  in  very  ancient  times  by  the  Cbnl- 
dwans  from  observations  of  eclipses  extending  over  a  long 
period,  and  was  used  to  predict  eclipses. 

The  sun  (or  earth's  shadow)  moves  forward  360°  in  a 
sidereal  year  of  365.256  days,  or  0.9856°  in  one  <lay.  The 
moon's  nodes  move  backward  a  revolution,  or  360%  in  18.6 
years,  or  0.0530"  in  one  day.  Therefore  the  sun  moves  for- 
ward with  i-espect  to  the  moon's  nodes  0.9856°  +  0.0530°  = 
1,0386°  daily.  The  time  it  takes  the  sun  to  move  from  one 
of  the  moon's  nodes  to  the  same  node  again  is  36O''+l,0.5S() 
=  346.62  days.  The  time  it  takes  the  moon  to  move  from 
conjunction  with  the  sun  to  conjunction  with  the  sua  again 
;..  ;,■..  .    .  -Vu-aI  period,  ov  ^9.r.^W) -i^^s. 
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ThU  period  of  6585.32  dajs,  which  is  the  aar^.  is  18  jrean 
and  It. 32  or  10.32  days  acconling  as  there  ate  four  or  fire 
leap  yenre  in  tlie  interval.  In  every  third  i»eriod  the  eeUjM 
ixtcurs  at  abi>ut  the  same  longitude  ou  the  earth,  but  the  sod 
is  three  tiintm  as  far  from  the  moon's  node,  which  causes  i 
shift  in  latitude.  Thus,  on  May  28,  1900,  there  was  a  total 
eclipse  visible  in  the  Southern  states,  across  the  Atianlit 
Ocean,  and  through  Spain.  On  June  8,  1918,  aootber  will 
be  visible  front  Oregon  to  Florida.  This  is  tUe  next  toul 
eclipse  visible  in  this  country. 
■  There  are  two  other  reasons  why  eclipse.4  verj-  nearly  repral 
themselves  every  saros.  The  first  is  that  they  occur  at  nearly 
the  same  times  of  the  year,  from  which  it  follows  that  tlie 
distance  of  the  sun  is  about  the  same.  The  second  is  thil 
the  line  of  the  major  axis  of  the  moon's  orbit  makes  a  forward 
revolution  in  8.855  years ;  it  follows  that  it  has  nearly  the 
same  position  and  that  the  distance  of  the  moon  is  nearly 
the  same  at  the  end  of  a  saros  as  at  the  beginning.  This 
very  imjyortant,  for  it  follows  from  the  relative  positions  of 
the  sun  and  moon  and  their  orbits  that  the  perturbations  aw 
nenrly  tho  same  at  the  two  ei)ochs. 

233.  Phenomena  and  Dses  of  Laoar  Eclipses.  —  Luuar 
eclipses  always  occur  esaclly  at  full  moon.  When  iht 
moon  first  enters  the  penumbni  of  the  earth's  shadow  no 
chauge  is  noticeable,  but  as  it  gets  up  near  the  umbra  iu 
eastern  part  becomes  slightly  darkened.  When  it  gets  iuio 
the  umbra  the  part  totally  eclipsed  is  nearly  dark  and  ii 
bounded  by  a  curve  wliich  one  can  see  is  at  least  nearly  an 
are  of  a  circle.  It  takes  the  moon  about  an  hour  after  fiwC 
contact  to  become  totally  eclipsed,  about  two  hours  mow 
to  begin  to  emerge  from  the  umbra,  and  about  an  hour  more 
to  get  entirely  out.  These  numbers  vary  considerably  acconl- 
ing as  the  eclijtse  is  central  or  not,  and  l>ecause  of  several 
other  factors. 

When  the  moon  is  in  the  very  center  of  the  earth's  shadoWi 
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il  u  still  viitiUe,  for  the  vnrtti's  atriio«]>liere  net*  m  a  Hort  of 
It'ns  ami  bemU  ttome  of  the  mytt  which  juuw  through  it  m  that 
th«'V  full  itii  the  tnoun,  fmm  which  thvy  uro  nQvctvd  buck  tu 
till--  t'^rih.     Thii&  Fig.   11:2  nhuwH  how  »omt)  of  liiem  mn 

l«»iit  iiiilil  lliey  Btrikfl  the 

hkmiii.      Siiirw    lUitMt    my*    ~ju^\ 
irliich  aru   rrfniclril    iimmI 

mre  bent  nut  tif  their  paths 

,  V  Fw.  IIS. 

twice    ua    HiiH'h    lu    tiumo 

which  t'i>in«>  to  UH  from  a  star  tm  thv  horizttn.  or  more  than 
It  ilt^tw,  it  toUowa  tliat  itonio  of  tliotte  pumiug  opjxwita 
«()««  of  th«  v*tiU  iMjtiuilly  cmtm  before  thtty  reach  tht)  moon. 
Thv  air  nliwjriK  a  lar)^  piirt  of  the  violet  end  of  the  apectruiu 
Mid  tnakm  tlio  eclipM.-d  tiiooti  look  copper-cohired.  I'tie  effect 
la  like  tlut  on  the  sun  when  it  is  settinf;,  only  it  is  more 
nutrked.  The  ap|N'arniice  of  the  tnoon  diflera  greatly  at  dif- 
ferent ecIipitvA.Bci»inliiigtotheatateof  theearth'aatinoaphere 
in  tlie  tone  which  ivfrau  M  the  light  to  the  moon. 

Erliimra  of  tlw  m<M>n  arc  useful  in  M!>vi*ntl  ways,  'fhey 
sffonl  an  it|iportunity  fur  determining  tho  length  of  the 
ayiMnlic  month,  bat  bvcauw  of  the  duration  of  totality  they  are 
mnch  leas  aervioeable  in  thin  way  than  Holar  eclipses  are. 
It  U  at  the  time  of  a  lunar  et-li[KM!  that  obaervalionii  are  moHt 
cBcily  rnatle  to  determine  the  tt-ni[)eraturu  to  which  the  mo<»u 
baa  been  rwrd,  for  the  direct  sunhght  ia  quickly  out  off  a( 
tlte  lunar  midday,  and  we  ret-cive  only  that  wltich  is  radiated 
after  baTing  been  absorbed.  'Hie  observations  of  l^rd  Home 
utd  many  later  aatronoinera  ahow  that  the  moon  beconea 
ri'ld  very  quickly. 

Dnring  lunar  ecli]jsni  the  iNmage  of  the  mocm  in  front  of 
■  r.im  iMU  Ih-  most  easily  obstrved.  and  such  observBtiooa  are 
.:via\>  maile,  as  they  give  the  poaition  of  the  roooa  more 
.  <  uniicly  than  it  vma  be  found  by  direct  obaervationa. 

It  i«  certjunly  imaginable  tliat  the  nKom  may  bo  atie1^dvA 
!>y  m  aiaall  tat«Uite.     It  couJd  not  be  teen  Xmc&um!  qV  et.'OuAX 
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the  sonligiit  or  moonlight  except  at  the  tirae  of  an  eclijiw, 
but  the  search  for  one  so  far  has  proved  fruitless. 

391.  Phenomena  aad  Uses  of  Solai  Eclipses. ^-Solnreclip^* 
occur  precisely  at  new  moou.  At  a  position  in  the  path  of 
totality  the  first  sign  of  the  approaching  eclipse  ia  that  the 
weatem  edge  of  the  sun  becomes  obscured  by  tjie  wood. 
which  is  entirely  invisible  until  it  apparently  encKwiches  on 
the  sun's  disk.  Tlie  moon  moves  steadily  eastward,  cutling 
off  more  and  more  of  the  light.  Before  totality  the  tsartli  ie 
in  the  penumbra  of  the  moon's  shadow.  Until  the  son's 
disk  is  nearly  all  obscured  there  is  nothing  much  observabk 
to  attract  the  attention.  A  cloud  cuts  off  a  much  greatei 
fraction  of  the  sunlight.  When  the  instant  of  totality  draws 
near,  the  light  rapidly  fails,  animals  become  restless,  nrn) 
everj-thing  takes  on  a  strange,  weird  appearance.  Sud- 
denly a  shadow  rushes  across  the  earth,  the  sun  is  coveml. 
the  stars  Dash  out,  around  the  apparent  edge  of  the  moon 
are  rose-colored  prominences  of  vaporous  material  forced  up 
from  the  sun's  surface  often  to  a  height  of  ±!00,OOU  miles,  and 
all  around  the  sun  for  half  the  apparent  diameter  of  the 
uioon  extend  streamers  of  pearly  light  constituting  the  sun's 
corona.  After  a  little  more  than  seven  minutes  at  the  mosl 
the  monn  pusses  from  the  western  edge  of  the  sun,  daylight 
suddenly  reappears,  and  the  plienomeua  of  a  partial  ecli{»e 
take  place  in  tlie  reverse  order. 

One  of  the  uses  of  solar  eclipses  is  to  fix  the  dates  b 
ancient  chronology.  The  ancients  used  various  and  mocb 
confused  systems  of  reckoning  time,  and  it  is  now  quite  im- 
possible to  trace  bjick  through  successive  steps  the  dates  d 
ancient  historical  events.  But  suppose  an  eclipse  of  Ihe  sun 
was  observed  and  recorded  in  their  method  of  reckoning 
time.  If  it  is  possible  in  any  way  to  find,  say,  in  what  h»li 
century  it  happened,  then  it  is  usually  possible  to  fix  tiie 
jirtiisc  dati'.  The  reason  ia  that  total  solar  eclii^ses  arc  ftt 
:i;n  uiif  i>]m-c  rare  phenomeua.,  a.ud  especially  at  a  certain 
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QUESTIONS 

1.  Draw  a  diagram  showing  the  shape  of  the  visible  part  of  the  nm 
as  seen  from  a  point  la  the  i«nun)bra  of  the  earth's  shadow. 

2.  Draw  a  djagram  showing  the  part  of  the  sun  visible  whilr  u 
aoniilar  eclipse  Is  central. 

3.  If  Ihe  inclination  of  the  moou's  orbit  to  the  ecliptic  were  3^,  wb*t 
would  be  the  lutiar  eclipse  liiQita  V  How  many  eclipses  uf  the  ntoou  cooU 
there  be  in  a  jear  at  the  iiiosl? 

i.  Suppose  tlie  inclination  of  tlie  plane  of  the  nioon*s  orbit  tn  tht 
plane  ot  the  ecliptic  were  90"  and  that  the  nodes  were  fixed;  liow  |oo; 
after  a  central  total  eolijBe  of  tlie  sun  l)efore  another  eclipse  of  the  suae 
sort  would  lake  place? 

3.  If  the  moon  moved  in  the  opposite  direction  in  its  orbit  and  tie 
periods  and  other  things  remained  the  Munie,  would  there  be  any  dil!k^ 
eiicea  in  the  times  of  eclipses?  Would  there  be  any  differences  iottie 
eclipses  themselves? 

e.  Suppose  there  is  a  partial  eclipse  of  the  moon  at  5,  (Pig.  lOS); 
how  many  eclipses  of  the  moon  will  there  he  all  together  before  there  falk 
to  be  an  eclipse  while  the  earth's  shadow  pusses  the  Dode  A  1 

7.  If  the  moon's  nodes  were  stationary,  could  there  be  toiir  rt'lijisM 
of  the  sun  in  a  year? 

8.  What  [leriod  of  revolution  of  tlie  moon's  nodes,  other  thinge 
remaining  as  they  are,  would  bring  a,  central  eclipse  of  the  sua  evpi? 
month  1     Would  the  njoon  then  be  eclipsed  ? 

9.  Is  the  sun  totally  eclipsed  ax  seen  from  the  moon  ?     If  so.  is  il 
eclipsed  as  often  as  it  is  as  seen  from  the  earth?    As 
place  on  the  moon,  is  it  eclipsi^d  as  often  as  it  is  as  s 
lar  place  on  the  earth? 

10.  If  there  are  ecIipseH  ot  the  sun  as  seen  from  the  moon,  are  Ihej 
visible,  in  the  course  of  lime,  from  all  parts  of  its  surface '! 

11.  In  what  respects  would  an  eclipse  of  the  sun  as  seen  from  lb* 
moon  differ  from  those  seen  from  the  earth? 

IS.  How  would  a  cloudy  sky  around  the  twilight  Eone  offeot  a  lwi» 
eclipse?  J 

.  Could  the  moon  eclipse  (occult)  an  inferior  or  a  superior  ploiwt 
e  time  of  a  lunar  eclipse?    At  the  time  of  a  solar  eclipse? 


\n  at  n  partirulw 
\  from  a  particn- 
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935.    Members  of  the  SoUr  System.  ~-  Tbc  tnetnbera  at  ttio 
rsjstvm  arv  lliv  siiri,  lliu  [ilant-u  and  their  satellites,  the 
'  I,  tht!  uutDvtM,  anil  tliL*  meteont,  tlumf^h  it  may  l>o 
iny  iif  tbo  eiimvta  and  iiieteiint  are  oiily  t«nii»urary 
kienta  in  the  aohir  family.     Tho  oiin  ix  the  one  pivvini- 
Bt  biMiy,  whfNte  gravilative  (Ntwer  enntmU  tliv  niolioiu  of 
I  the  oth«r  bwlim,  ami  whom  raya  illuminate  and  warm 
It  ia  iniiNimiblu  tn  study  the  planvti)  nithont  taking 
I  MXXHint  their  rvlations  tu  the  xtin.     But  the  conatitn- 
1  the  cTidution  of  the  sun  are  quite  indejiendcnt  of 

•  planeta.     In  thU  chaiiler  tlie  inenibont  of  the  solar  syMem 
"I  be  tre*t«'d  in  thvir  mutual  relutinns.  rvwrring  for  amither 

•  iliacuMiun  of  t\w  jwculiarities  of  i\k  individual  {iluneta, 
•imI  for  atill  anulht^r  tlie  trvulmrnt  of  cnincta  and  tm-teora. 
The  aun  b  a  grvat  ntar,  and  itit  ]iliyaical  cundition  and  rheuii- 
rol  coiifttituiion  will  Ira  considered  in  a  chajit«r  iin.>(.'tH)ittf;  the 
diM'unaton  of  the  atam. 

Tlterr  are  eight  known  jiUncls.  In  the  onler  of  their 
diatanoes  from  the  aun  tliey  are  Mercury.  Venua.  Earth, 
>far«,  Jupiter,  Saturn,  rramia,  and  Neptune.  The  Brat 
*ix  have  be^n  known  front  tiiu«  imntomorial ;  rrauua  and 
N'pptune  werr!  diacovered  in  1781  and  1846  rex])Mtively. 

The  jilant-toida  ( pla»et>like  bcxlieit )  art)  Jtniall  pUneta 
whick  with  one  exception,  ix-oopy  the  unie  lielwnen  Mara 
ftnil  Jii])iler.  The  eomelit  and  meleora  are  wandering  metn- 
'o-ra  uf  the  ayatttm.  Th«y  pan  around  the  «un  »\  %  Nit:nft\'j 
■{  pstha  and  la  mU  dinKtioit*;  Monw  go  dR  utVa  ayanb  vki^mv^ 
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iifver  to  rf'tuni,  whilu  ^nme  remain  permanently  in  the  ?}>- 
l<Mii,  ilinut:h  their  orbits  are  often  radically  changed  ny 
|M-rtinl»;ai<»iis. 

236.  Finding  the  Scale  of  the  Solar  System.  —  It  was  shown 
ill  Arts.  !'>»>  and  ir>7  tliat  the  whole  solar  system  Oiiu  l>e 
drawn  to  sr:ah*  without  knowincf  any  of  the  actual  distaiicvs. 
It  follows  that  if  tlie  distance  between  any  two  jila nets  ran 
br  found,  it  is  jiossible  to  compute  all  tlie  others. 

Thr  ]»n»bh-ni  of  lindin^^  the  distances  between  the  nieiii- 
Ihts  of  tin."  sr)lar  systtiii  is  of  yery  great  importance,  for  it  is 
iiivoivrd  in  many  oiImm-  [)roblfms,  such  as  the  determination 
ol  tin:  niiissrs  of  the  i»huiets  and  the  distances  to  the  stars 
I  nlil  :ifirr  17<»0  it  was  not  solyed  with  any  considerahK' 
:i])l)r«'xini;it  ion,  and  most  of  tlie  yaluable  work  on  it  has  Invn 
don«-  in  ilii;  hist  (.cniury.  The  distances  of  the  planets  from 
iln-  sun  an*    now  known  witli    an    error  not   exceeding -j'- 

ol'     I     |M'l'    rrnl. 

'I'lic  dirt'ri  inrtliod  <.f  finding  tlie  scale  of  the  system  is  lo 
niiMSMic  <Hrf(ily  ihr  pjnjillax  of  the  sun,  just  as  the  parallux 
^A  ilir  moon  is  found  (Art.  10).  Unfortunately  it  is  of 
II. »  |.iMcti(;d  \;dur.  foi"  the  (piantity  to  be  meaisured  is  yerv 
-I  I  I.I  II,  ;i  nil  ii  is  \t'r\  dillicult  to  use  tlie  sun  for  such  measure- 
iiifiiis.  Ii  is  n«)i  possible  to  locate  its  center  ^vith  the  rc- 
< I  Ilir.  d  ;i'-,-ui:u'\.  :md  ilir  liriit  from  it  throws  instruments  of 
ill'-  i\|M'  tl.iii  Would  In-  used  out  of  perfect  adjustment.  In 
ih'iii'.'  liir  sun  ;m  iin^'lt'  of  about  8.8"  would  have  to  \k 
inr.i-iiird  :  «.!•  liiiln-r,  ihis  is  the  difference  in  direction  <'f 
tlir  .Sim  .IS  srrii  li'. MM  t  Wo  jM»in1s  ou  tiic  cartli's  surfacc  whii'li 
;ui'  ;ii  ;i  tli>i.n)«r  t'cmi  rm-li  otliiu'  LM|ual  to  the  earth's  radius. 
Tin'  dilTtTi-nrr  ill  dii'i'ctit^n  is  about  the  Siime  as  Avhen  an 
obitM-i  is  vii'WiMl  liisi  with  one  v\k\  and  then  with  the  other 
at  a  dislanci-  of  a  niili*.  Thr  dilliculty  of  measuriiig  so  small 
an  anglr,  using  so  uufavoraldc  an  object  as  the  sun,  is  easily 
appri*riated. 

The  direct  niethoili8,\\o\ve\v»\\o\  \\\\v<:X\Nv\>\^^sWv\«.^>^>lirrl 
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ti>  the  plsneU  and  pUnotoiiU.  Gill,  nt  the  Capo  of  Good 
II»p«>,  Itiw  been  parttciiUrly  8ucce«aful  in  using  Sinn.  It  U 
iiKirh  n«»n.T  tn  \u  ut  np|Hwilion  limn  the  niin  ever  in,  and  the 
parallaz  i»  ('orrrspondiiigly  Urf^T.  Tliodiflicultieii  in  iMiD(f 
Man  ariM!  frtiiu  iu  liAvin);  a  largt^  dink.  These  Hn.'  Hyoided, 
but  111  the  i-xpenito  of  having  a  smaller  unfile  to  inetuiur«, 
by  iuuu){  the  phuietoids,  which  apitear  tn  nUtr-likn  |MiitiUt 
of  liBhU 

In  18!>S  a  new  phini*tuid,  <»Ue4l  Eroti,  wan  (UscovortKl  by 
Witt.  It  iji  uiii(|iuj  ill  tho  fact  that  its  orbit  lies  between 
tliitt  of  th«<  earth  and  Mart :  it  cmncH  ni.'arcr  to  us  than  any 
other  hirj^  body  of  th«  iioUr  systt^ni  except  the  moon.  It  is 
like  beat  adapted  of  any  body  for  parallax  dctoruiinntidiia.  and 
Dbaerratioiw  and  pbotoffraplts  for  the  piiriHwe  hitvi;  iiln-ody 
)M-«n  made,  though  they  have  not  Iwi-n  cuinplntely  rfiliiceil. 

It  has  nln-atly  twcn  mt-Dtioned  (Art.  140)  that,  aftur  the 
veliN-ity  of  light  lias  Imvcu  meosuretl  and  the  constant  of 
abemtiiiD  delemiinefl,  the  veli>city  of  the  earth  in  ita  orbit, 
ami  roRW4(uenlly  the  itize  iif  ita  orbit,  can  i>e  found.  New* 
oiRib  giv<4t  thin  itietlHMl  more  weight  than  any  other.  The 
reaulia  obtained  by  it  agree  very  closely  nnth  those  obtained 
by  ubaerratiuna  of  the  plnnetoidii.  It  is  to  be  noted  that  this 
tnelltt>d  di>e«  not  depend  U[M^>n  the  size  of  the  earth. 

It  was  ]H>inieil  out  by  HnUey.  in  MTT,  that  at  tlto  time  of 
the  transit  of  Vmiua  ita  apitnrent  displacement  un  (he  aun*8 
diak  OS  seen  in  difTerent  latitudes  on  the  earth  could  l>c  mode 
to  yield  tlie  distantw  from  the  earth  to  the  sun.  'I'he  trans- 
its at*  relatively  rare,  the  first  after  HuUey's  [>)t|>er  occurring 
in  ITiJl  and  1769.  They  were  obser\iil  with  great  entbuai- 
amn,  and  the  second  with  particular  succvmh.  The  reaulta 
were  (|uite  discordant,  though  they  were  n  gre«t  impr«ve- 
nient  over  any  previously  obuinrd.  The  next  transits  were 
in  1RT4  and  IK)42.  and  ngitin  the  reaulla  were  not  all  that  had 
been  ex|*eete<l,  for  the  atmosphcro  of  Vcnua  laVTO&w»&.  wnsA 
Mfioua  difRcaltica. 
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In  (M'h'slial    nircliaiiics  th-'  ni.;iii  <lisianre  from  the  earth  to 
tlio  sun  is  nnlinariU  Ivvkew  as  \\v'  www  vAV^xv'^Uv. 
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S3T.  Sfie  at  th«  Sun  and  Distances  of  the  Planets-  ~  A» 
•f«ti  fr<>ni  tlie  xuii  the  curth'tt  nuliiiH  HuiitfiuU  an  nnj^Ii?  of 
S.H",  but  us  Mwii  fr»iti  ttic  rnrtli  tlic  kuii's  nidins  sulitonds  ail 
wirIc  of  l(j'  3"  =962".  Tiiereforo  tliP  radiiia  of  the  ttiiii  is 
962  -•-  ».H  =  IW.SS  titnra  that  of  the  enrtti.  or  4:13,270  iiiilua. 
If  thr  SHU  vevTV  rr]tn.>«ent4>d  Uy  a»  Inryc  u  cirflv  ak  fimhl  !« 
[Hit  <»n  lb).'  paRiN  luty  ttmr  inrli^s  in  tiiiuiicltT,  od  the  lutiHft 
•cjtic  tlw?  parth  would  bn  n-prcsfnleil  liy  a  uirclo  j'j  of  aii 
inch  ill  tluiuetiT,  or  little  more  thnii  a  dot.  Their  Hurfat-'tw 
an?  as  tli«  MqiureH  of  their  mdii;  heiico  the  durfnre  uf  the 
run  It  ILSTiO  titava  thiit  of  the  eiirtli.  Tlitiir  volumes  are  iis 
tljv  ciilxrs  of  their  radii;  hcntre  tlie  voliimo  of  the  sun  ia 
I    '•)6.'V!H)  tiintrs  that  of  the  earth.     It  will  amiat  in  filing  a 

iicv[>tioti  of  tho  t'nonnouit  size  of  the  sun  comparwl  to  that 
r  ihv  earth  to  note  that  its  mdiaa  is  nearly  twice  Ha  ^reat  ua 
the  distance  from  tin  earth  to  the  tnoon. 

The  mean  dtataaoes  of  the  planets  from  the  (ttin  are  in 
round  ourabers: 

Urrmrj aa.lNM).()<)a  tnllM 

Vrau* ffTA>OO.IH)0  iiilira 

(lartli BS.1IU>.<HI()  miin 

Mu* 11I..VNI.()(KI  milea 

Juptbtr 4hs.1,,KI(M>l>0  inllr* 

fialora IOMI.OOD.Oimi  milm 

I'rainM l,7Nl.H)0.<ino  mlW 

KKfiUiiia tf.7l>l,il(N>.<Ol  milM 

Stippoae  a  map  of  the  system  is  drawn  to  scaK  and  that 
Mercury's  orhjt  is  n^prrsented  by  a  rtrcle  an  inch  in  diameter. 
On  lbi«  scale  tlie  sun  must  be  represented  by  a  rirvie  4*,  of 
an  inch  in  diameter,  and  the  earth  by  an  invbihk*  dot  M-nn-i-ly 
more  than  g^g  of  an  inch  acnwit.  Allboutth  the  radius  of 
ibe  wtmltr  solar  ayMem  will  be  n>pr(wnt<-<l  bv  a  lilte  only  a 
hlUe  taver  three  feet  long,  on  the  same  wiilr  the  dislanco  to 
the  nearest  known  flxeil  star  is  nearly  six  tnilca.  TVm  \d&«-«- 
inff  Ubie  ^mas    tbe  diameUtn  o(  ibo  c)tc\ea  X^balk  T«vt^ 
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piiinfifr    •:•;:.■.:> 

l.'i  i:.-.  r.  ::.  diur..- 

lA*  riih—  ::.  -i:^: 

J.''  i:j*.-j;rr?  ::    ■:: .: 

•\.\*  Uic'ii-r^  :::  i...- 

l:j.4  iuoii--^  ;:      :.. 

1M.»;  iuol.e-  :i.    -ia: 

-Jl^.'t  i!ii-ii^'>  3:j  'hx' 

7T..'>  ii.fh':':?  11.  ••;.l: 

"-»■    Vi 


!•  t..i;..\v-  fr..:ii  tlj»-  iiiiiiiljt.Ts  giwn  in  ilie  tal)le  ih.i:  ::"  ^.r 
v.:.'0-  -'.-!•  Ill  i^  1..  lit,'  P'i'iv«>».-iited  ini  a  luiiTt?,  the  fli.iir.v:?.-:  i 
\I.-r,  t- •.  -  "li.ii  will  liii\f  i«»  l>e  reduced  to  o\-,  <;'l  an  i::.... 
'I  i.:-;  i-  -"  ^m.i'A  tl.;tt  it  i>  iRM-i*ssiirv  to  use  out'  scale  l- r  ::.■ 
i::-'  :••  ;•  j.l.i  :!••:<.  mid  ;u  jot  her  for  the  hist  four.      Kr]rt'>":.:- 

ing  Mercury's  orhii  I'V  i 
circle  half  an  iiieli  in  ui.j::.- 
cten  we  have  the  f^iu -wiuj 
dia^xraui  of  llio  orl»it>  ■: 
the  lirst  four  jilaiiels.  *  »ii 
a  scale  ^r^  as  great  the  111:1:- 
of  the  orbits  of  Mars  a!:'! 
the  last  four  planets  is  :i? 
given  in  Fig.  114.  If  tl;i- 
figure  is  luagiiitied  fific^ii 
times  and  phiced  ar<»uijil 
tlie  i)receding  one,  the  or- 
bits of  all  the  ]>lanets  will 
l>e  represented  on  the  sain*' 
scale. 

Tin-  tliiii^i   ti»  Ix-   in»1ir»'d   is  iliat   the  orbits  of   the  oiitrr 

plain'ts  an*  .si'])arai«(|   rimrmous  distances  from   each  ollior. 

Vnr  exjHiiplr,  iln'  {\r>\  six  plaiicls  are  all  nearer  the  sun  tliaii 

the  last  two  are  tc>  each  other.     If  a  planet  is  supposed  to  lioM 

&\vay  in  a  region  exlouvWwj^  XwvWw an   \.v^  \\\^  ovbit  on  eaoli 


If-..  II 


THK  soLAit  .sr.'ir/r* 

•  :-U'  of  it,  it  foIlowH  that  the  n-gioii  belonging  to  each  planet 
i-  ijrealor  than  that  belonging  to  all  tiic  ])tuni*t«  which  are 
Ulterior  to  it. 

Tin-  a)>|iKrviil  iliaini>lt'r«  »f  the  sun  as  seen  from  the  plaiK-l« 
■rr  invi'nvlv  as  ihvir  distam-es  from  it.     An  seen  from  .Mvr- 


ninr  thi^  apjMirent  dtamptvr  nf  the  sua  is  83.2'.  while  as  seen 
from  N'rptuuo  it  is  only  1*  4".  When  Venus  is  noarvst  to  liit, 
iu  «t|tpaivnl  ttiameter  is  1'  7". 

The  light  and  heat  nt.'eiTed  In-  the  planets  per  unit  ama 
frDm  ihi-  i>nn  arr  tliivelly  pn)|>iirt tonal  to  the  ap|iarrnt  am 

>i'  ihr  aim  OB  Mi!n  from  them.     Thr  appan^nl  area  i>(  thtt  sun 
iriR*   invt^racly   as    the    aijiiarea  of    iU    clistanres    from  the 

■  >  t-nl  platieta.  The  following  lines  are  pniimrtional  to  tite 
'■'Utiveoniuuntauf  heat  rcix-iveil  per  unit  arm  h^  Ute  niix\w\& 
I  Uttela. 
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MERCURY 


VENUS 


EARTH 


MARS 


JUPITER      _    ('so  inch) 


JUPrTER 


SATUCN 


Uf?A*,US 


-^ 


SCALE  IS  lie  AS  GREAT  AS 
>     THAT  USED  IN  THE 
FIRST  FIVE  LINES. 


Fi<;.  11.').  —  Pu'lativo  Amounts  of  Heat  received  by  Planets. 

If  ilir   first   tivi'  liiu's  are  inaij^nified  100  times,  the   whole 
fiL^nnc  will   W.  const ructtMl  on  the  same  scale. 

TakinLT  the  ainouiit  of  jiijrl it  and  heat  per  unit  area  received 
on  \\w  cai'tli  as  unity,  tlic  f()llo\ving  table  gives  the  amounts 
I'ccrivcd  |)(*r  unit  area  l)y  the  ei<(ht  planets. 


1  M.AM    1 

MtM"<-u:  V 

Knrtli 
Mars 


111  Af  i:i;<  i:ivKi> 

(i.s 
I.IJ 

l.n 

(Ml 


Planet 


Jupiter 
Saturn 
r ran us 
Xi'ptuue 


H&AT  RErKIVED 


0.<^ 
O.Ol 

().(K).S 
0.001 


Tlius  it  is  seen  iliat  Mercury  receives  more  than  6000  tiroes 
as  nnieh  li^ht  and  heat  per  unit  area  as  Neptune  does. 

238.  Observations  of  the  Planets. — When  the  inferior 
idanets  are  in  inferior  conjunction  with  the  sun,  they  are 
iiearest  to  the  earth,  aud  U\vi  s\\\^viYYOY  ^l&iiets  are  nearest 


'\ 
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!  Greatest  Apparent 
I  LAXKT              Angular  Diameter 

Diameter 

Mercury 

Venus 

Earth 

Mars 

Jupiter 

Saturn 

Trail  us 
Xt'plune 

13" 
67" 

25" 
50" 

20" 

4.1" 

2.!»" 

2,765  miles 
7,826  miles 
7,918  miles 
f    4,3.')2  miles  (equatorial) 
1    4,312  miles  (|Mjlar) 
i  90,190  miles  (e^juatorial) 
■  84,.')70  miles  (polar) 

76,470  miles  (equatorial) 
t  69,780  miles  (polar) 
:34,900  miles 
32,fH)0  miles 

Tlu^  f(»llo\viii<]f  circles  show  better  than  the  numbers  the 

rclalivc  diniciisioiis  of  the  planets. 


JUPITER 


o 

MERCURY 


o 

VENUS 


o 

EARTH 


o 

MARS 


Fiii.WVS, 


THE  SOUR  srsTBSI 
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The  |:;ri'At  ilifftrrvniMw  in  dinmi'tiTH  an*  much  vxccodml  hy  I 
thii<M-  iif  t)ii*  siirfnnw  and  vulumcs.      This   foUowin;);  tsbta 
pivi>«  tLi.'   ioin|iariiM>n,  uking  w»  unity  the  earth's  ^arfac 
Ku<l  viiliinie  reH|ive lively. 


I>L4>*T 

Rl' «#*<■«    . 

ilrroiry 

Vrnna 

0.M 
ion 

Pi.*im 


autmt 


iioj}        iseij) 

1.V0  S».l 

lH.0  &>.» 


MOi  Tbe    HiMes  of   the   Sun    and    the    Planets.  —  'I'lio 
metbtHli)  ikf  tintling  tlii>  mnstwi'  ii(  Ihf  {tlitnetA  were  vxplniued 
in  Art.  181.     Tliero  U  no  diflidilt;  In  the  cii»e  nf  the  mid  I 
■n<l  Unwe  planvlii  which  have  Hat«lllt«tk  I'tit  thv  n>«iilts  pren 

I  ilie  otiii-ns  Mt'rvnry  and  Veniw,  nre  still  tiuh;ui-l  to  •■ 
' Lihli'  iincr-rtainty.     In  the  foltawini;  table  the  nuuuwA  of  1 

.'  -un  and  jdanetA  am  given,  &T»t  Inking  the  latum  of  the  t 
rjrtti  iLs  unily.  Nnd  ihi-n  that  of  the  Kiin  as  unity,  and  tlieir  J 
nesn  ileiutities  arc  f^jvcn  on  the  wiiter  xtandard. 


Unh 

IJD 

tUn 

0.11 

J<i|4l>r 

B17.7 

tMlun 

1H.S 

I'ninM 

14.1) 

iUam  (Bulk  •  t) 


-1) 


a.70 

4,81 
OJS 


1.S3 


TIm  NurfM'p  gnivitr  uf  »  I'liincl  (U-im-uAk  u\M>n  \w  vcvi 
ndioti  tbt  aietinxl  ot  compulio^  it  waft  aivttu  m  KtV.  VA|| 
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The  following  table  gives  the  surface  gravities  of  the  sun 
and  planets,  taking  that  of  the  eartli  as  unity. 


Object 

Surface  Gravity 

Objkct 

Surface  Gratity 

Suu 

Mercury 

Venus 

Earth 

Mars 

27.7 
0.38 
0.86 
1.00 
0.38 

Jupiter 
Saturn 
Uranus 
Neptune 

2.61 
1.19 
0.88 
0.88 

241.  Periods  of  the  Planets.  —  The  periods  of  the  planets 
depend  upon  their  mean  distances  from  the  sun  and  their 
masses,  as  was  explained  in  Art.  181.  Taking  the  year  as 
the  unit  of  time,  tlie  mean  distance  of  the  earth  as  the  unit 
of  length,  and  the  mass  of  the  sun  as  the  unit  of  mass,  the 
period  in  years  is  given  by 


P  = 


»    /I 


wliere  a  is  the  mean  distance  of  the  planet,  JS  the  mass  of  the 
earth,  and  7n  the  mass  of  tlie  planet.  It  can  also  be  found 
from  the  synodical  period  by  the  formulas  given  in  Arts. 
154  and  155,  the  synodical  periods  being  found  from  the  ob- 
servations. The  following  table  gives  the  sidereal  and  syn- 
od iciil  periods  of  all  tlie  planets. 


Plankt 

SiDKRKAL  PkRIOD 

Synodical  Pkrioo 

Mercury     .... 

Venus    

Earth 

Mars 

Jupiter 

Saturn    

Uranus  .     .     .     .     . 
Nei)tune      .... 

0.24  years 

0.02  years 

1.00  years 

1.88  years 

11.80  years 

20.46  years 

81.02  years 

« 

104.78  years 

0.32  yean 
1.60  years 

2.14  yean 

1.00  yean 
1.03  yean 

1.01  yean 
1.006  yean 

f 


i  ; 
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••         t 


I      I 


•  I  . 


•  • 


l*t  f  t  -  ll#t 


302  ISTRODUCTION  TO  ASTRONOMY 

0.  If  one  were  to  Imihl  a  model  of  the  solar  system,  taking  for  tU 
sun  a  globe  1  foot  in  dianK'i'f'r,  what  would  be  the  distances  and  size^of 
tin*  planets? 

10.  II(»w  does  the  amount  of  sunlij^lit  received  by  Neptune  compan 
with  the  amount  of  moonlight  received  by  the  earth  at  the  time  of  full 
moon? 

11.  Draw  to  scale  the  aj>j)arent  diameter  of  the  sun  as  seen  from  lU 
various  plan(jt.<. 

12.  If  the  a])i)ar(Mit  diameter  of  the  sun  as  seen  from  Neptune  is  1'  \". 
what  would  be  the  great«'st  elongation  of  tlie  various  plaiiebt?  ///n': 
Suppose  their  elongations  are  projwrtional  to  the  dimensions  of  their 

oibits. 

1^1.  Wliat  is  the  ratio  of  the  volume  of  Jupiter  to  that  of  all  the  other 
]>lan.*ts  combined  ? 

1 1.  What  is  the  ratio  of  the  volume  of  the  sun  to  that  of  all  tht- 
pl:int't>  eoiiil)iiHMl  ? 

1.').  What  i>  the  ratio  of  the  mass  of  Jupiter  to  that  of  all  the  other 
jt'.aiiets  ciiinl'iiKMl  ? 

ir,.  What  i^  the  ratio  of  the  mass  of  the  sun  to  that  of  all  the  planet? 
(■oiiil)iii<'(l  V 

17.  Wliat  is  the  next  date  of  the  greatest  eastrcrn  elongation  of  the 
iiih'iior  i)hirieis,  aii"l  of  op[»ositi()n  of  the  superior  planets? 

242.   The  Two  Natural  Groups  of  Planets.  —  The  preceding 

(lit;i,  wliirli  ltIvc  soiiu'  i(l(?a  of  the  solar  system  as  a  whole, 
ni.ik«'  it  I'lcai-  tliai  ilu;  iijaiiets  are  divided  into  two  sharply 
«li>tiii;^uisln.'(l  q;r«)ii]>s.  The  lirst  consists  of  Mercury,  Venus, 
J'^  Hill,  ;m<l  Mills.  Tlu'v  aie  called  terrestrial  planets  because 
in  (lisiMiKM^  fiM)ni  ilio  sun,  j)erio(I,  size,  density,  and  properties 
not  \i{  (IIscusmmI  thov  aiv  niiurli  like  the  earth.  The  seeoiiJ 
L^ronp  cijnsisi^  of  JiipiuM',  Saturn,  Uranus,  and  Neptune. 
Thry  art"  calK'd  tin.'  ni'i'inr  jtlauets  l.)ecause  of  their  relatively 
^Tcat  sizt'. 

The  major  planets  are  on  thu  average  17.6  times  as  far 
fioni  ilie  sun  as  are  tli<;  terrestrial  planets.  On  the  average 
tile  terrestrial  planets  receive  per  unit  area  310  times  as 
much  li^i^ht  and  heat  fioni  the  sun  as  do  the  major  planets. 
On  the  average  the  dianiet(*rs,  surfaces,  and  volumes  of  tl»e 
major  planets  are  respceUvvi\\  l^\\vi(i^?dvdlOOO  times  greater 
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:)i:ui  Jbofv  of  the  teiTMtrial  platifla.  The  tniiMes  of  the 
iiiajiir  plancUi  avcra^fo  224  times  thtme  of  the  terrestrial 
nlRnrl*.  while  their  tleHHitieH  nvera^  only  0.22  am  niiirh. 
-  prriiMU  iif  revolution  of  the  imijur  |iUiiels  Avera^  77.6 
I  thii»M?  of  the  tern*strin]  plnnetM. 
f9ti.  SimlUritiM  among  all  the  Planets.  —  XotwithsUnd- 
ii-  viTv  nn-iit  iii\>Tsitif»  In'Iwi-i-ii  ihi*  two  frrouiM  of 
ivttt,  lht\v  all  bnvp  a  duiiiInt  uf  ]>ropLTttiM  of  motioD  in 
1  whifh  Hfe  of  the  htgbeMt  imiKirtancB,  for  they  fur- 
ikey  Ut  the  evolution  of  the  |>lanetiiry  nynteni.  It  ia 
nt  to  iiot«  iHith  the  difTerem-ea  and  the  ainiilaritiaa; 
,  to  at  tidy  the  Hyotem  relatively, 
"hft  plaoetM  all  move  in  the  auine  direction  around  the 
t,  front  treat  to  east.  The  sun  rotat«it  in  this  direction, 
I  the  .VM  known  plnnetoida  move  the  same  way.  Thin  ia 
I  l)w  direction  of  rotation  nf  the  earth  and  of  tdl  other 
whtH<e  rotationti  are  known.  The  moon  revolve*  in 
t  Mmr  direction  around  the  earth,  aa  do  the  witellites  nf 
I  the  other  ]itanfts  around  their  ret(iwrti\-e  primnriea,  except 
I  ninth  Katollit4>  nf  Saturn,  ikhmiIiIv  the  se^'enlh  aatellito 
F  JupittT.  and  the  satcllitea  of  ITrautid  nnd  Neptune.  This 
■iRKHt  unireraul  a^rrvoment  of  direction  of  motion  points 
aniniBl«kitlily  to  a  similaritr  of  origin,  or  to  a  mitde  of  evolu* 
tiitii  which  leaiU  l»  thia  condition. 

Tl>o  planea  of  iIm^  orhita  of  the  plaiteta  are  not  alMolutcly 
■  '•incident,  but  they  arc  inolined  only  aligfatty  to  one  anotbor. 
Ii  is  customary  to  uao  the  plane  of  the  ecliptic  for  reference, 
and  to  ffive  the  positiona  of  all  the  other  planea  with  reapect 
til  it.  The  plane  of  the  ecliiuic  varim  i>lif;hlly  lierjtuiiv  of 
the  iiprtur1talii>nM  due  to  the  other  planetn,  hut  not  enough 
'  <  •vuae  any  apprecinhle  difTervnre  in  the  general  fcaturva  of 
'  .'■  system.  The  (ullowinii;  tnhle  gives  the  incUnationa 
if  tbe  iirbita  n(  the  planets  to  the  plane  of  the  ecliptic.  Theae 
lUiMtioaa  vary  aomewbat,  but  never  (^at.l><.  (t»\a  ^Xwt 
1  tlioy  noir  lum  (Art.   ISP).     W>\et\  *om«  \\\tT«M«K 
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others  always  decreasi*.     At  present  they   average  iT  ?**)': 
hni  if  Mer(Miry\s  orbit  be  omitted,  the  averag^e  is  1T>»V. 

Tilt*  eccentricity  of  an  elliptic  orbit  may  be  any  where 
between  zero  and  unity,  but  the  eccentricities  of  the  orbit? 
of  the  |)lanets  are  remarkably  small.  They  vary  somewliai 
froin  their  jirescnt  values,  but  never  greatly,  and  they  alwav^ 
chan«a*  in  sucli  a  way  that  when  some  increase  c»thers  tie- 
cn*as(».  'rh(»  avera<^e  of  the  eccentricities  is  now  O.OGO :  or. 
(.'Xcludin;^  Mercury,  O.O.'jO. 


'I'VHI.K    OF    InTMNATIONS    AND    ECCF.XTK ICITIKS 


I'l.  \m;i 


Inclination  ok       EcrRXTRirrrY  or 
ORniT  TO  EeLiPTir  i  Orbit 


Mj-rnnv I 

\'rlliis 

Kartli ! 

M;irs I 

Jnj'ii*'!' I 

Satiii'M 

I  "iMIUl^ 

\«  ; 'I  II  ii«' 

'  I 


70 

0' 

n 

i>4 

0 

0 

1 

:>! 

1 

i<) 

0 

M) 

0 

4($ 

1 

17 

0.20.VJ 
0.01*JS 

O.oono 


244.    Satellites.  —  All  exce[)t  two  of  the  planets  are  known 
lu  li:i\i'  Miiellitrs  I'evolvinLT  around  them,  just  as  they  revolve 
;iriiuinl  ilir^ini.     Mercury  and  Venus  have  no  known  attend- 
;mis.      The  e;n-tli  lias  tin'  nionn,  whose  nniss  is  greater  ivia- 
tivrly  than  thai  <»!'  any  other  satellite  in  comparison  with  the 
|)laiH't.  around  whicli  it  revnlyes.      Mara  has  two  little  moeiLs 
only  a  tVw  niih's  in  diauifler.    Jnjnter  has  four  large  sii  lei  lit  ^*^s 
diseovere(l   by   (ialil«'o,  and  lhn»e  very  small  ones.      Saturn 
has  trn  satellites,  one  of  which  is  larger  than  Mercury,  ami 
two  of  which  are  very  small.      Tianus  has  four  satellites  ami 
Neptune  one.     Saturn  and  its  attendants  form  a  sort  of  niiiiia- 
ture  ot  tJic  solar  systen\. 
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|StS.  Tlic  Pluetolds.  —  If  tliir  (liHtances  of  the  pUnetA  frnm 
■  81111  arvt-x:aiiiiiiv<l.  it  will  lie  fouml  tlint  each  oiiv  is  roughly 
c  tluit  i>(  the  |>rec«H)iD^  one,  with  tho  excfption  uf  Ju|iit«r, 
I  iliKtMico  itn  ftbout  8.U  UiiiuH  that  of  Mura.  In  1772 
t  (]eHv»l  K  Miries  of  numbers  by  a  Him]ile  l»w  which 
B  tbe  cliitAnccff  of  tho  pUiicttt  ( I'runug  iu»l  Neptuiie  were 
,  then)  wilb  consitlvrable  aucuriu'y,  i-scrpt  tlmt 
I  numWr  for  tlie  vacant  flpnce  between  Mara  and 
Thi<  law  is  tlmt  if  4  is  addtil  to  eftuh  of  the  iiuui- 
»  0,  S.  (>.  12.  24.  48.  - -,  Ih«  Kunifl  thus  obliiinvil  am  nearly 
[ojiortionml  to  the  t)iNtHnt-fii  iif  thi*  pUnets  from  the  8un. 
'  B  Uw  rests  (lu  no  sciuotifii--  bams,  breaks  ilown  in  tlie  caMi 
t  Keptunc,  and  woulil  not  be  inenlinned  here  except  for  iU 
Arteal  cdonec-tiotui.  ll  is  commonly  known  on  Iloile's  law 
hut  writin(t»  made  it  widely  known. 
!  idvA  that  there  must  be  a  planet  between  Mwnt  and 
piter  becaiDe  strou)*  in  the  mintU  of  aMlrononient  toward 
Bead  of  tlw eighteenth  century;  it  was  unduiibtedly  much 
ced  by  tho  number  series  of  Titius.  In  IWHl  Vnu 
>i  and  fire  other  astronomers  met  at  Lilientlml  ami  orpui- 
1  a  plan  of  search  for  the  suxfteclett  plajicl.  Just  as  they 
B  almtit  to  liegiu  olutervnl iona  the  nnm>nncem<*nt  reached 
ii'-m  that  the  Italian  astronomer  I'laixi,  at  I'nU-nno,  had  di»> 
'Vcrvil  the  planet  January  1.  I8<M.  lie  named  it  Cvrex 
lirr  the  tutelary  gotldem  of   Italy. 

After  the  disic«ivery  had  been  nuMle,  but  liefore  the  newi 
I  It  lia>]  rvai-he>)  tiertminy,  the  philoMopher  Ilegel  publinhed 
4  "disMTtaUou"  showing  by  tl»e  "  mtwt  concliiMve  reaatm- 
inf;  *~  that  tliere  were  no  unknown  pUnetA,  and  remarking  on 
the  folly  of  searching  for  tltem. 

After  six  weeks  of  observations  I'iazti  was  taken  ill.  and 
)«y  the  time  notice  of  his  discovery  had  roacbett  other  ob> 
•ervem  the  planet  waa  nearing  superior  ctiiijum'tion  with  the 
,  lan  anti  niuld  nirt  be  obaorvetl.  There  wan  no  method  u(  fi.tvA* 
'  fnim  M>  few  obMrmlioju  the  elements  oi  \Va  o^VwA 
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astronomers  were  fearful  of  losing  it.  The  great  mathema- 
tician Gauss,  then  a  young  man  of  twenty-four,  came  to  the 
rescue  with  a  method  of  determining  an  orbit  from  only  three 
observations  of  direction  of  the  observed  body.  His  predic- 
tion of  the  position  of  the  planetoid  led  to  its  rediscovery 
on  the  last  day  of  the  year. 

On  March  2, 1802,  Others  discovered  a  planetoid,  which  he 
called  Pallaa ;  on  September  2, 1804,  Harding  found  one  which 
he  named  Juno;  and  on  March  29,  1807,  Olbers  discovered 
a  fourth,  called  Vesta.  Then  no  other  was  discovered  until 
1845,  when  Henckc  found  one,  after  fifteen  long  years  of 
search,  which  he  called  Astrfca.  In  184T  three  more  planet- 
oids were  discovered,  and  in  every  year  since  then  at  least 
one  has  been  found.  Until  1891  they  were  discovered  hy 
comparing  the  objects  visible  in  certain  regions  of  tlie  sky, 
especially  near  the  ecliptic,  with  star  charts.  If  a  strange 
body  was  found,  it  was  observed  on  succeeding  nights  to  see 
whether  it  was  moving  or  not.  The  planetoids  move  just 
as  the  planets  do,  and  the  chutaeter  of  an  unknown  body  is 
determined  from  its  motions. 

A  new  epoch  began  in  1891  when  Wolf  first  discovered 
a  planetoid  by  photography.  The  metliod  is  very  simple. 
The  sensitive  plate  is  moved  during  an  exposure  of  several 
hours  so  that  the  star  images  remain  dxed  on  it.  In 
the  interval  the  planetoid  will  move  with  respect  to  the  stars, 
and  will  leave  a  short  trail  on  the  plate.  These  trails  show 
where  the  small  planets  are.  Wolf,  at  Heidelberg,  and 
Cliarlois,  at  Nice,  have  been  very  successful  in  Uie  search 
for  these  bodies  by  this  method.  All  together  more  than 
500  have  been  discovered  so  far  (190o). 

246,  Designation  of  the  Planetoids.  —  Until  over  300  planet- 
oids had  been  discovered,  they  were  named  mostly  after 
mythological  characters,  but  their  very  abundance  has  be- 
come embarrassing.  They  are  now  numbered  in  the  order  of 
.their  discovery,  the   number   being   placed   in  a  circle,  as 
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-■  3  PallaK.     Tbey  are  also  dMign«t«<l  tiy  the  year  of  llinir 
li-Mxi  venr. 

M7.  Orbtti  of  tlie  PUsetokU.  —  Tlie  mcaii  ilisUmovM  of  tlie 
{■UiictiiiilM  vary  gre«lly.  Thime  nt>Jtr(«t  the  ttiin  «ro  nboiit 
'^i.(HXUHM>  of  miles  from  the  orliil  of  Mun*.  nii'l  tlioaw  farthpat 
fn>in  ilir  nun  lira  about  80.000,000  of  tailv*  within  the  orbit 
of  Jupitrr.  The  foUowin([  &gure  shows  the  orbits  of  Mani 
and  Ju[tit«r  and  the  region  occupiect 
l«y  ihf  i>Uni't4ii(U.  They  are  diitlrib- 
>tt«-<l  by  no  m>iin»  miifonnly  ovvr  thi« 
bfll.  Thi'T  an!  sniDHwhat  letw  nunier- 
"Fw  (111  the  iiuter  edge  (bau  on  the  inner, 
'ui  tliiTi*  are  Konie  remarkable  vacant 
,  tM'*.  KirkwufMl  tirvt  uill(>d  att«niiiin 
[■•  th"  iiut  that  thesv  Ritps  wcur  at  the 
I'l.tri-s  nJi-rc  II    |>)*npt   would    have    a  r».  iiT. 

]«-rn-l  nil  t\it.  t  fnu'tion  of  Jupiter's  i<erio<t.  nn  j.  |.  j.  plr., 
i<f  it.      Kit  siich  rt'latioiui  bftween  the  [leriiKlM  (he  jN-rtiirbtt- 

■i)«  nrt-  very  grettt,  and  it  may  Ui  that  Jnpittir  hitn  furred 

>'  pl:)i)rt»ida  out  of  tlH-«e  nrj^onK.  Thin  is  not  jierfeclly 
'  rimii.  fur  tberv  la  no  known  inetbod  of  treating  rigorously 
the  i[iii><iii[in  for  tbo  indeflnile  a^ea  Jnpitvr  inay  have  been 
ai-titij;  ou  these  bodie*. 

Thr  iix'Uuationa  of  (lie  orliiU  of  the  [ilanetJiiibt  are  often 
very  ffTVAl.  nmgiag  even  up  to  80°  in  tlitj  <;aM  of  Palljw. 
Tbc  avcragtf  ia  about  (i*.  or  nearly  equal  to  the  gmateat 
atD<int{  the  planetary  orbit*. 

The  cccentrivitir*  mn^  from  almost  trro  up  to  0.38  in 
iltr  case  of  (Sdt  .f^thro.  tbc  aveni|*e  being  about  0.t4.  The 
f*n^tr»t  opcenlritiity  among  the  planetary  orbita  ik  that  of 
Mercury's  orbit,  which  is  only  ahont  one  half  that  of  jEthra's 
orltit.  Tlie  average  eeci-ntrieity  of  the  orbits  of  the  plaiM'l- 
a*d«  is  totin  than  twice  (hat  of  tb^  nrbils  of  thp  pisnuts. 

M0.  DtecuiMS  tsd  MaaMv  of  the  Planctotda.  —  Tb«  v^'^'^ 
fltdi  ar«  •■>  tnuUi  liial  tiifv  uro  all  invm\>\e  \u  \Vt«  <aw«:A«& 
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■   *    V--^:.:.   '%;.::.   i>   'ssuvlv   vi.>iiil»>  iirnU.-r    faV'Ciiv- 

-  '.:■'  '■<::i..rf  i  fr-'in  ti;'.-  aniMiint  of  li-^ht  tiitrv  reri'.-.:. 

.■  -    ■' ►-.       H"   :'-'-:r:«l    f-T   (.'err/s.    Talliw.    X'^.'-^ta.  au-i 
..''■:-  •  :  4'**'.  -I'^,  -40.  itinl  11>  mii».->  iv-sj-t^ttivt-.y. 

-.  I'l:  ilir  v:r»'iit  iiKij^'i'ity  uiv  ini«b»iii'ro«ily 
J.::.'  i-'Aii  III  s.iiiu'ihini;  like  1"  inilrs.  Ir 
Liii'^  :i;»-ii<iir»;s  iiinl  Miilltrr's  pht»tonu-ui:. 
•:  ;!.••  ;ill»rMli«os  ••f  tVres.  Pall;i<.  Vt-sta.  .ii.'i 
.. ;-.  ".1^.  O.'IA.  0.75.  aiiil  <».4o.  It  is  .lixii- 
:  '.].'■•-•■  'jivat  ilifiVreuccc!  in  buJii-s  wliiL-h  we 
:'.:.  1  ::.ii-ii  alike. 

-  :  '  -i.-i'-riiiiiK-  the  masses  of  the  iinlivi'lual 
.■■'.:■  '\:<'\v\*\\\\^  effe«-ts  Mil  «»ther  biMlii-';  an- 
:■!••.      1 1   1 1  n'i  r  eoinbinei  I  mass  wt/iv  a^ 
..  ;•   ■=:   li..*  t-aiili,  they  wniihl  jn'odihe  i"i- 
■  •:    Mars  wliieh  observations  of  iliis 
llt'iiLT  the  eoiiclusiini  is  tliat  tlitir 
in:!:,  but  it  is  ini possible  to  say  how 
K'tszel  tlie  aj^grejjale  mass  ol"  all 
'     •  -    ■■  •:'  i  :^  1'—  iliaii  .^,/,i-,^  that  of  the  earth. 

249.    Ori:::n  nf  the  Planetoids.  —  When  the  seconil  phiueti'lil 
-      -  , '  *       :  -  -:  j4«>:«m1  that  these  bodies  are  bur  il-' 

■  J  !■■■:-•:        ■■■v.".    i'-i  j.:;iii.'t.      If  this  were  so,  the  (»r)';i> 
■'..  ••■■    ]•'■■    '  -.  ■  \  •  i'l  I":  iln'  ]Mfrturbations,  wonhl  rros>;tr 

\ :■'■>-!«•■!.  ;iii»l  in  the  earlier  years  of  <Iiv 
i  ■  :•    lin.'  «trl'irs  of  Ceres  and  Pallas  cn-^*' 


I  - 


.     V      ^ 


\ 


--      I 


I  ■  ■^ 


w-'.'-r  ( ill.  I  ii,;\  -:  .ri  .■:i.-].  r».-i;i  usi'  (if  the  Wide  rancreii"^* 
"•''■iipi''!  I'V  ii:,ni  liiN  ■iy-rv.  whii-h  was  onee  jjenerjiliv 
!i''M.  ll;l•^  jM'.-n  ;iI);i!h1ii!i.  •!.  1 1"  t in'H' wt'iv  iio  eoiitradiri"!) 
'•Km-pn  ali<tiinl  <lata.  ili'-  iImmii-\  r-niild  scareelv  be  consitlrroi 
j)r»)bab1e,  fur  it  is  iMijMis>I'n](.*  {u  ((Hiceive  of  forces  oriifinai- 
iuf^  within  a  planet  svii\\**\v.«\\v  Vvx  vvvw  \t  a&uiider  after  it  Iw'' 
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oiic«  Imwd  &g^T«Katod  «u<l  lield  togotiior  hy  tho  mutual  attrvc- 
tion  of  iu  parta. 

Aootlivr  tbuory  U  thftt  when  the  M>Ur  Hrntcta  evolved  out 

f  A  wi'K'ly  extended  nebulous  or  luctcoritic  matut.  for  Mmi« 
:  A«i.tt,  [mtIui[m  Woaum*  of  the  diet  ri  but  inn  nf  the  riri>;iriiil 
iiLitrriivl.  or  l\w  pntximity  of  tlic  lur>rn  ]wrliirbii)^  tMMlr. 
Jii[iitor,  thin  lutrt  of  it  fniU-d  tu  ftK^rf^nlu  into  h  I'lutiot. 
1  lie  imlerimlt>u»w  nf  this  tbeorj  inAketi  it  uiiHi«>vtilabk>,  and 
ii  iiritlwlilv  foutains  the  trutb  tMimewberu  within  itn  ample 
dMiuaii.x. 

iSO.  The  PUuctsU  Eros.  —  In  1R!W  the  tnul  of  ii  phuifftiud 
li'ttiii^  N  very  nipid  tnotion  wm  found  mi  n  pbotogrnph 
-  •k*>n  by  Witt,  it  llvrlin.  Fnun  ulMervniiona  which  were 
-i-M)i1y    BccunNl.    Cliandlor.   of    C'amhrid}^',  coiuputc^l   an 

■Alii  and  t>|4)eincm.     It  wu  found  to  bv  a  most  remarkable 

I'ji.'f't,  in  that  its  orbit  liea  bctwe«n  that  of  the  earth  and 
'^l.tr*.  and  it  at  i>ii<^  a(tract4>d  ({real  attention.     C)n  examin- 

"n  pl>i>livra]i)M  taken  at  the  llarvnnl  (^ollt-^t  olntervatory 
dunn;;  IttDS.  \mi,  and  189tj,  with  tbi-  aid  of  Chaiidlur'fl 
ephcmeriH.  the  iiua^tH  of  ibi*  body  waa  tMrveral  limes  fimiid, 
and  ita  ptMitiniia  at  those  da1«ti  were  accuralelr  deu-nnined 
liy  iu  rvlntiiHi*  to  ttie  Rxeil  Mar*.  ThiHcunhlMl  Cliandlvr  to 
fTTt  an  accurate  orliit  almost  imnicdialrlr.  This  is  not  the 
only  instaiire  in  wbich  ihc  llarvanl  photti|rraphic  rf  cords  have 
lishvd  mo«t  opp«>rtune  and  valunble  information. 
WlM.>n  it  WM  litated  thni  lUt  orbit  of  Krrw  Vuit  liolwern 
if  ihtt  rarth  and  Mars  it  was  meant  that  itn  mean  dis- 
iH  between  thtt  mean  dislanctti  of  tliesu  two  pUnetd. 
Um  mrmn  diHtanrv  is  186.o(H>.<H>0  miles,  but  its  orbit  has  the 
hii;)i  eccentrit^ity  of  0.^2.  When  it  is  at  its  aphelion  its  dis- 
lanve  from  lb*.'  sun  ui  lt>^50<l.0Ol).  which  is  24.(HM).0i)O  mih-a 
tvyond  the  m«-un  dtstaitre  of  Mnrs.  There  is  no  daii)fer  of 
lU  rolliilinft  with  Mum,  for  tin-  iucUnalion  of  its  itrbit  to  t)te 
•diptic  is  nearly  II*.  which  Ibrowa  it  far  out  of  tUa  ^Uxa 
'  ~ll>e  orbit  of  t)ii«  pliuiet  trbetv  it  re»cUeK  Vn'jon^ '\>» 
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The  perilielion  distance  of  Eros  is  only  105,300,000  miles,  it 
about  12,400,000  miles  greater  than  the  mean  distance  of  the 
earth.     But  because  of  the  large  inclination  of  the  plane  of 

its  orbit  to  the  plane  of  the  ecliptic  it  never 
gets  nearer  thjin  about  13,500,000  miles  oi 
tlie  earth.  These  near  approaches  occur 
only  when  it  is  in  opposition  at  its  peri- 
helion, which  unfortunately  happens  rarely. 
Its  sidereal  period  is  1.76  years,  from  which 
it  follows  that  its  synodic  period  is  i.o'l 
years.  If  an  opposition  occurs  at  perihe- 
lion, tlien  in  37  years  another  will  occur 
very  nearly  at  perihelion,  for  37  is  almost  evenly  divisible  by 
l.T<>  juhI  "i.S'J.  'J'lie  next  most  favorable  opposition  will 
(u'cur  in  ll*;n.  As  has  been  mentioned  (Art.  236),  it  fur- 
nislu's  an  unexcelled  oi)i)ortunity  for  obtaining  the  solar 
pariilhix. 

251.   Variability  of  Eros.  —  One  of  the  most  peculiar  things 
about  this  litll(.!  body,  wliieli  can  scarcely  exceed  20  miles  in 
diaim'tcr,  is  that  in   February  and  March,  1901,  it  varied  in 
niau^iiitiicK'  both  extensividy   and    rapidly.     The   announce- 
mc.'jit  was  tirst  iiuuh'  li\  von  ()i)polzer,  and  the  fact  was  veri- 
lifd  by  many  ether  observers.     The  period  is  2  hr.  38  m.: 
oi-    jMihajts  .')  hi".    1«I  ni.    eoni posed    of   two  sub-perioils  uf 
'1  111',  and  J')  111.  and  '1  hr.  'A  ni.  respectively,  but  the  evi- 
di'n«-f  i.s  i!(»t   »ji;itc  ronelusive  on  this  point.     In  February 
and    Manh  \\\r  ii^ht  at  its  minima  was  less •  than  one-tliinl 
tliat    ai    it^  maxima,  but   ilie  variation    soon   diminished  in 
«'\tent   and  rca>;i'(l  «'niirHly  by  the  beginning  of  May. 

Tlie  variation  in  ih«*  variability  shows  either  that  rapi<l 
rliaiiLfi's  arr  takiiiLC  plair  "ii  Kros,  or  that  its  lighl-reflecl- 
iuLT  |»<>wer  d«'pfnds  upon  its  relative  position  with  respect  t» 
the  earth  and  s tin.  Tlu'  first  alternative  may  be  safely  dis- 
missed. In  ac(M»rd  with  the  second,  two  theories  have  been 
advance([,     Tlie  tirsl,  ni\vauev.'v\  \>n  \\\d\4,^  ia  that  the  boily  i^ 
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rvally  a  ilouble.  Ilie  two  onniiionents  rovolvinjt  aroand  their 
rvntvr  of  jfravity  in  n  period  tif  S  br.  16  tn.  When  the 
i»rth  in  in,  or  near,  tlieir  jilaiie  of  revolution,  they  iKilipm^ 
tMcli  olber  twicv  in  »  [H>riml.  Aiidrv  uwoiiuta  for  t\w  ^rval 
variation  in  tlivir  liri^htnciw,  winch,  if  thny  wvre  HphcrJoal, 
""tild  not  exi-i.-<H]  onv-half  tlio  maximum,  by  Mup{KMiiig  that 
'  ii.y  art  much  flimjrated  by  tidal  forct-B  in  the  lino  joiiiinj; 
:  :.<-m~  'i'h«  otliff  theory  is  that  iho  body  is  very  nnequally 
Ti'llective  in  different  jntrta,  an<l  that  itj«  brif^htneHS  varies  aa 
Lbe  nitalion  liringH  Uinw  different  \wti*  into  view.  The 
variability  cliani^'S  am  the  earth  itrcoines  dilTerfntly  situated 
with  rmpect  to  the  plane  uf  rotation.  In  certain  riM«[N!ctx 
buth  theae  theories  seem  improbable,  and  we  do  not  know 
yet  wiiiclM  if  either  of  tliem,  is  the  true  exphuiation  of  the 
"vty  rrnuirkable  phenomenon, 

251   Scientific  Uses  «f  th«  PUnetolds.  —  The  planetoids  are 

'1'j.vl  to  very  larjjc  jii-rtnrliiilii'UM  by  Jupiler  be<-auae  of 
'iioir  proximity  to  this  ^n-al  body,  and  it  la  iin[iu«wtbl«  to 
keep  track  of  them  n-ithout  computing  theitc  jwrlurbationa. 
The  work  of  doii^  this  for  no  \ar^  a  number  of  bmliea  ia 
enormouH.  and  it  haa  become  a  serious  question  whether  it  ia 
worth  while  to  alU-mpt  to  keep  tnek  of  them.  Wataon  left 
a  fund,  by  hia  will,  to  \m  devoted  to  the  ntH^etwarj'  caloula- 
tkins  of  the  orbits  of  the  twenty -two  which  he  bad  diwovercd 

t  Ann  Arliur.     Moat  of  the  rest  of  snob  work  is  done  under 
direotiiin   of   Tietjeu   at    Itertin.      In   reajionae   to   tbo 
wtkin  whetber  thu  immeriae  latior  \*  profitably  bealowed 

r  not.  th«  aervive  tlutt   the  planetoids  have  been  and  are 
Ikaly  to  bo  to  astronomy  may  lie  reviewed. 
In  ibe  rery  bef^nning  the  aearcb  for  [daoetoids  stimulatcil 

lApention  and  dirrt'ied  the  efTorta  of  a  lar;^  numl>er  of 
arrvera.     It  le<l  directly  li>  extetiaivii  and  wocnrate  ma|w 

r  Ibe  ecliptic  ennstt^Ualions.     The   problem   prvsenteil   by 
'Uw  fint  diantvery  attracted  tn  aatrooumical  reaearrhea  Ui*. 
brilliant  <iBiMa,  wIkwt  contributtona  ««t«  tMkiv^   mA  v**^ 
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found.  The  orbits  of  the  planetoids  present  many  problems 
in  celestial  meclianics  whieh  do  not  iiriee  in  the  theories  ol 
the  motions  of  the  planets.  Their  solutions  have  enriched, 
and  are  still  enriching,  this  domain  of  the  science.  The 
vacant  spaces  where  the  periods  would  be  commensurable 
with  that  of  Jupiter  have  a  significance  not  yet  fully  under- 
stood. An  analogous  condition  exists  in  Saturn's  rings,  8> 
will  be  pointed  out  in  tlie  next  cliapter.  The  search  for 
planetoids  and  their  recognition  as  things  worthy  of  atten- 
tion led  to  the  discovery  of  Eros,  whose  value  in  parnllai 
determination  is  very  great.  In  order  to  find  the  parallax 
of  the  sun  over  SO  expeditions,  equipped  at  enormous  cost, 
were  sent  to  nearly  every  part  of  the  eartli,  especially  in 
high  latitudes,  to  observe  the  transit  of  Venus  in  3874.  It 
is  certain  tbat  more  valuable  results  will  be  obtained  from 
Eros  than  from  all  of  these  espeditinns.  Besides,  the  great 
variability  of  this  bo<ly  is  a  new  phenomenon  in  the  solar 
system  and  may  lead  to  an  inijKirtaut  discovery.  It  is  true 
tliat  some  of  the  other  [)lauetoid8  are  variable,  but  to  such  a 
slight  extent  that  the  phenomena  have  so  far  not  been  of 
very  much  interest. 

\tSi.  The  Zodiacal  Light  and  the  Gegeascheln. —  The  zodia- 
cal light  is  a  soft,  hazy  wedge  of  light  stretching  up  from  tlie 
horizon  along  the  ecUptif  juat  as  the  twilight  is  ending,  or  as 
the  dawn  is  beginning.  Its  base  is  20°  or  30°  wide  and  it 
geneiTtlly  can  be  followed  under  favorable  conditions  to  90' 
from  the  sun,  and  sometimes  in  a  narrow  faint  band  S'ori' 
wide  entirely  around  the  sky.  It  is  very  difficult  to  JpciJe 
precisely  what  its  limits  are.  for  it  shades  very  gradually  from 
an  illumination  perhaps  a  little  brighter  than  the  Milky  Way 
into  the  dark  sky. 

The  best  time  to  observe  the  zodiacal  light  is  when  tlie 
ecliptic  is  nearly  perpendicular  to  the  horizou,  for  then  it  is 
"bterfered  with  by  the  dense  lower  air.  In  the  spring  ll'f 
r  the  vernal  equuxox,  -wWtc  the  ecliptic  cut*  tlit 
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'  '{ii>t/ir  from  south  to  north.  At  tliis  time  of  the  jroar  aftrr 
~>i[iaft  the  ediptic  comes  up  front  the  western  horizon  norlli 
uf  the  e(|ualor  and  tnakoti  a  large  anf^le  with  tlie  hortznn. 
ConwiiUL-utlr.  the  8tiriii)j;  moiithii  are  ino»l  favorable  for  ob- 
Krvtog  it  in  the  evenin{[.  and  for  a  iiiinilar  reason  thi-  autumn 
montiw  ore  uiont  favomhie  for  t>lw«rvin|f  it  in  the  morning. 
It  L-annut  b«  aevn  in  full  intmnliglit. 

TIk-  Gegvn«chi>iu  ((ii-rman  for  "counter  glow")  is  a  very 
faint  patch  of  light  on  thv  ecliptic  precisely  opjioKiif  to  the 
aun.  It  a[>pears  like  an  enUnfcmcnt  of  the  zoiliiu-nl  band  at 
this  ixMnt.  It  ia  oval  in  flhu|te,  l>eing  longfxt  along  the 
erliptif.  ami.  according  to  Kni-nanl  and  DouglnfM,  g«ncmlly 
JD*  i<(  JO*  long  and  IhiK  an  wide.  It  wa«  disoovt-rml  Ky  Bror- 
»en  in  IH;VI,  and  HuiMtcquently  il  wait  indt.-]N-nili-ntly  found  by 
l»th  Ilackhotue  and  Itnrnard.  Roth  ihc  MMliacal  light  and 
ih«*  tiei^nticheio  can  be  seen  only  with  the  unaided  eye,  for 
iliv  tifid  of  u  telcsroiie  in  an  Hmall  that  it  docs  not  enable  one 
to  ronlnuil  thiiiu  with  the  darker  ttky. 

Om«  the«>ry  of  the  xiMltacul  ligil^  originated  by  Searlu.  ia 
that  it  is  due  to  light  reflected  (nnn  an  inimcutw  numlwr  of 
nietpon  circulating  around  the  Hun  in.  or  near,  the  piano  of 
'lit-  ecliptic  and  extending  out  nomewhat  beyond  the  ortnt 
1  the  earth.  Thia  belt  of  meteoni  seema  to  lie  densest  and 
t  hickext  near  the  sun.  There  in  abundant  evidence  of  much 
wte«>no  material  in  thiH  n'^ion  and  the  theory  jteemst  quite 
isfaettiry.  It  in  fnrthermonr  Mipjiortis)  by  the  fact  that 
t  ■peclmm  ia  eonliuaoua  and  the  light  [>ulari»il. 
The  cormiionding  and  amutciated  theory  of  the  (legi-n- 
lein  ia  that  the  metecm  are  more  nunierotu  preciwly  oj>- 
■ile  to  the  HUM.  It  wait  shown  indcjiendently  by  Gylden  and 
by  the  author  that  the  attractions  of  the  Hun  and  earth  do. 
iodevd.  lead  to  a  oondenntion  in  this  direction  at  a  distance 
of  MW,000  milra  from  the  earth.  The  mcU-oni  occupying  ihia 
region  an  conataiitly  changing.  An  they  a\>^n]f.£bL  \\  Ook^ 
are  caii|fbt  in  •  tort  of  dynamic   %'Wit\i^>\  «&^  a&\KX  v 
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few  revolutions  they  escape  to  go  on  in  their  orbits.  Thk 
theory  account«  perfectly  for  tlie  podtion  and  shxpe  of  tlie 
Gegeiiscbein. 

Bigelow  lias  advanced  another  theory  of  the  zodiacal  liglit. 
He  supposed  that  it  is  caused  by  particles  electrically  exjieUed 
from  the  magnetic  pulea  of  the  sun  and  condensed  along  the 
plane  of  its  equator.  Now  the  plane  of  the  sou's  equator  is 
inclined  more  than  7°  to  the  plane  of  the  ecliptic,  and  in  nn 
ohject  less  poorly  defined  it  would  be  a  simple  matter  to  de- 
cide which  it  follows.  A  series  of  three  years'  obsen'atiow 
by  Marchand,  publisheil  in  1896,  seem  to  show  tliat  tlic 
zodiacal  light  is  nearly  coincident  with  the  plane  of  the  sun's 
equator.  This  result  needs  confirmation  before  final  iiccept- 
ance,  for  other  ulwerverw  have  not  noticed  the  large  deviatinn 
of  tlie  zodiacid  band  fnim  the  ecliptic.  But  so  far  as  ihete 
results  go,  tliey  must  be  taken  as  being  to  some  extent  con- 
firmatory of  liigelow's  theory. 

Evershed  has  given  a  similar  explanation  of  the  Gegcn- 
Bchein.  He  supposes  that  it  is  a  sort  of  tail  to  the  earth  caused 
by  the  escape  of  molecules  of  hydrogen  and  helium  away  from 
the  earth  in  a  direction  opposite  to  the  sun.  The  tails  of 
comets  are  something  like  this,  as  will  be  seen  in  Chapter  XIIl. 

On  the  whole  the  meteoric  theory  of  both  the  zodiacal  liglit 
and  the  Gegensilu'in  seems  the  more  probable,  though  the 
question  cannot  lie  lefjarded  as  definitely  settled. 

SM.  Possible  Undiscovered  Planets. —  The  question  of  intn- 
mercurian  planets  wiis  mentioned  in  connection  with  eclipse*. 
It  is  probable  that  no  planet  of  any  considerable  size  exist* 
in  this  region,  though  it  is  probable  that  it  is  filled  witli 
meteors,  or  exceedingly  minute  planetoids. 

Planetoids  are  very  frequently  discovered  in  the  xono  Ik- 
tweau  Miirs  and  Jupiter.  There  may  be  thousands  of  snwJI 
ones  yet  which  will  come  within  the  reach  of  photograpliic 
processes.  It  ia  by  no  means  certain  that  there  are  not  many 
pibor  phmetoida,  like  Eros,  V»\,v;ft'iTv"OQ.ftei*.'AV«ad  Mars.    If 
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J  tlio  earth  and  Venus,  they  may  remain  J 

9  of  the  difliL-ulty  of  Heciiig  them  iii  this  I 

iiir  farther  out  than  Jii|iil<-r.  Uiey  1 

.1   e«cajie  drlM-tioii  bt-k'HiitM'  of  their  great  di^tniice  lioth  1 

:ii   th«  MUu  and  from  iix.     It  in  wnrccly  U>  be  expeclodi 

...ti  any   will  Ih-  fnund   near  lhi>  |dnnctM,  which   lung  nga 

~^ic|>t  tip  thf  matvml  iitrar  thi-ir  iMttw. 

I  bt-  iniMt  iDttrrvHting  i]U«r»tiun  is  whether  there  ore  Urge 
|.Lutfts  still  more  rt-nntU-  froui  the  son  thau  Neptune.    There 
arv  twM  MjrtM  nf  indications  whioh  point  to  the  [HMwihlf  oxisl- 
«oo«    uf  tnn«<nepluuiiui   phutetit.     The  first  is  the  group- 
irie  of  comelM'  orbit«.   (S«>e  Arto.  296  and  29ti.)     From  some 
)i  a  gniuping  lu  is  found  with  respect  to  Ju[nt«r's  orbit,  j 
rlj^  of   Edinburgh,   in  J[8t!0,  conchided  tlial   there  urs  1 
:  1.1  of  these  remote  metubent  of  the  s<dar  family,  at  di«- 
bu>M«_100  and  300  times  that  of  the  earth.     They  wnuM  I 
rvvuUe  orfiuml  the  son  in  Oie  immenoe  periods  of  1000  anill 
5000  yean. 

Xiojil  sought  to  find  evidence  of  on  undiscovere*)  plan«tl 

from  certain  omall  residiul  errors  in  the  theory  of  the  motiottl 

•  >f   L'fanun.  tbtnte  of  Neptune  not  yet  having  had   time  tol 

iimnlat*-  suffidently.      Ilix  ooncluoion  n-as  that  there  ii 

.ruihly  a  plant-t  circulating  nt  nliont  50  times  the  distaiMse  i 

'  ih«  earth  fnim  the  sun,  making  a  revolution  in  S75  year*. 

The  data  in  both  oases  werv  entirely  insnflicient  to  estabUifa  J 

m  ooodosve  proof,  onil  the  qnestinn  yi-t  rvmaina  o|Mm. 


.  la  «bal  T»fwc(a  mn  llir  tomalrtol  ploiwts  rimUor  U>  m«1i  otkofv 
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2U  The  PUnets  u  IndividuAl  Bodies.  — In  the  lant  cliap- 
Ut  tl)o  plam-Ui  wi-rn  Btiiili<n)  with  i-M[>tici(il  ruference  to  their 
rcUtiooa  to  th(!  aolur  HyHtvin  n»  n  wliule.  In  thiH,  thowt 
reniainiujt  chnractemticA  and  |K)ciiliBritivH  which  hKv«  no 
.  iminmti'  tLOii  direct  connections  with  thu  other  incinbcnt  of 
tlw  syatflin  will  be  dijteuwied. 

In  tba  case  of  thv  inferior  [lUuivtit  there  will  l>e  the  pbiuwH, 
traoajta.  ftlbcdoeo.  BtiniM(phere»,  Burfuon  niorkingw,  mtiitiunx, 
aud  imwonal  ohnngrs  for  discumion.  Tha  In-ittnifnl  of  the 
Muperior  pluiet«  will  involve  their  aatolUte  systvnus  albe- 
does,  atmo^tbereft,  rarTacv  marking*,  rotationa,  and  seasoaal 


MEnccnr  and  vtsvs 

•56.  The  Phaaet  of  Mercury  and  Venu.  —  When  Mcrcnry 

and  WnuH  ivn-  in  infcrinr  conj unction  their  phow;  is  "new," 

and  thf'y  atv  rilher  in  Inn&it  ocnMa  the  sun.  ur  the  visible 

ilhitninated  parts  am  very  thin  crescent*.     As  tln^ir  elonga- 

i>i>mi  inereaso  thvir  orescentJi  inotva«e.  and  tlivir  disks  ore 

i-t    half   illumiiiatod   at   their   greatest   eloni^tions.      As 

■  I  i.-y  |irocee<l  tnwanl  sn|N'riur  conjonotion  they  become  gib- 

"iM.  and  finally  fully  illuminatod  on  the  sidea  towanl  the 

irth.      Thrae  changva  of  phase,  which  Were  Bntt  Yerifie<) 

l.4erTatioually  by  Galileo  in  HUO,  pnivo  the  rvvolulion  of 

tlicae  bodies  aroand  the  sun  inatAMl  o(  umuul  \ 

^teeen  the  earth  and  the  ion. 
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Thc  inferior  jilanets  go  through  phases,  like  those  of  the 
iiiiiuii,  Viut  tlici'e  ate  very  important  cliunges  iu  their  iippareoi 
<liitien.si<)]i.s.  Wlion  Mercury  and  Venus  are  iu  inferior 
t'imjuiiclioii,  iheir  respective  distances  from  tJie  earth  art> 
Jiii.HOO.UdO  and  2'>.7OO,00O  miles,  while  their  resiwclive 
distaiicM  at  superior  conjiiuction  are  128,900.000  and 
liifl.lOO.ODO  miles.  It  follows  that  Mercury  at  inferior 
ciitijiinclioii  is  less  than  half  as  far  from  us  as  it  i«  a.i 
superior  t'oiijuncliou.  aii<l  the  tlifference  is  relatively  thri-e 
tiriii-s  us  ^rLMt  in  t!ie  case  of  Venus.  Therefore  the  a|>- 
piiifint  tliauieter  of  Mercury  when  it  is  a  thin  crescent  is 
twice  as  ;jreat  as  when  it  is  full,  and  the  correspomhnj; 
raliii  fur  Veiins  is  six  to  one.  The  following  figure  sliows 
tlic  ri'hiliiiiis  between  the  phases  and  the  apparent  sizes  of 
tlicse  phmKs. 

VEKUS 


.2S)D 


Differeut  P 


257.  The  Transits  of  Mercury  and  Venus.  —  If  the  inclina- 
tiutis  c.f  ilif  i.rliits  lit'  .MiTi'iiry  and  Venus  to  the  plane  of 
the  ei.liptii'  were  zero,  tlu'.y  wonld  transit  centrally  across 
the  sun  oniM'  every  .syiiodical  period.  But  the  inclinations 
pi'uveiii  llii'se  transits  excejit  when  the  planets  pass  inferiiT 
citnjnTietion  near  one  of  the  nodes  of  their  orbits,  just  iistlif 
inclination  <jf  t!io  nionn's  orbit  rendere  eclipses  of  the  bu" 
liither  rare  ]»henonieTia.  The  whole  matter  may  be  worke<l 
out  precistily  as  the  cuuiWl'vuwa  Ira  ft'iVi'^wia  w«re^  for  transils 
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are  geainetriadlj  only  partuU  cclipseit,  but  the  dt^UiU  will 
be  otoitted  here. 

The  earUi  U  near  tho  nodes  of  Att^miry's  orliit  in  May 
•ad  Nonmber,  and  tniiiHitd  of  thin  planet  must  uccur  in 
tbeae  raomths.  Rut  tlit^  ^rv:aX  eccentricity  of  Mercury's 
orbit  tnakm  tho  conditiuiu  «X  the  two  niontli*  quite  differ- 
rnt  :  the  May  truiuut«  are  unly  nbout  lialf  tut  numerouH  ait 
t]K>«e  in  November.  The  traiiMt«  occur  at  intiirvnU  of  7, 13, 
nr  A*i  yeara,  according  to  oircutnstanceH,  fur  i\\aw  periods 
arv  respetitively  \-ery  nearly  '22,,  41,  or  Wo  synodic  revolu- 
tions of  the  planet.  The  next  transtila  of  Mercur)',  which 
are.  hovrever,  of  Ultk  wientilic  inti'retl,  will  occur  Novein- 
IwT  11  IMT.  NoTember  li,  1D14.  Muy  7.  lH'J-I.Hnd  Novemlwr 
8.  \W^,  Mercury  is  wi  small  that  the  tronsitd  can  he  ob- 
•«<r\-ed  only  with  »  telescope. 

The  iransiU  of  Venus  occur  in  June  and  December. 
Tbey  occur  in  cycles  whoeu;  intervals  are.  siartiuf;  with  a  June 
UBOMt.  )^  1'^-5.  8,  and  121.5  yeun.  The  last  two  occurred 
OD  DeocnberS,  1874,  and  on  December  it,  188'J.  The  next 
two  will  occur  June  8,  i004,  and  June  (I,  2012.  The  chief 
•cientific  uaes  of  the  traUHits  of  Venus  are  the  eiwy  detvr- 
miniitinn  of  the  piMition  of  the  planet,  thu  invpKtigstiou  of 
it*  atmiHpliere,  and  the  determinnlion  of  the  solar  parallux. 

SU.  The  Albtdoea  of  Hercory  ud  Veaiu.  —  Tlie  allH><lo 
of  a  btNly  is  the  ratio  nf  the  li|;ht  whii-h  it  reflects  to  that 
which  it  receives.  It  deiiemlH  u|M>ti  whether  or  not  the 
body  is  sumiundnl  by  a  cloud. iH'.urinK  Htimmphere.  A  Imdy 
which  has  no  atuiiw|»liere  and  ii  )iruken  surface,  like  the 
moon,  bu  a  low  albodo>,  whil«  one  covered  with  an  almo»- 
|>bet«.  especially  if  it  is  filli-d  with  (wrtinlly  condense*!  water 
'«Bpor,  has  frretst  reflcctin);  power.  The  allxilo  of  eloudn  is 
•bunt  0.72.  Kveryone  is  familiar  with  the  intc-iino  bright. 
tt«M  of  thunder  heatls.  The  cloud -coverM]  earth  would 
«hine  OS  though  coated  with  newly  fallen  «aow. 

The  obaerratiooa  of  ^Jloer  aad  WviuukV*  \n&  SlBwnh  \a 
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;iir.'  j-..!i.  ii>i..:i  ilmt  tho  ;ilbo»lo  of  Mercury  is  O.lo,  \v!i:l..' 
::.i  :5>'.''  in  «iit  uliservalii'iis  <if  Million  miule  l>et\ve^'n  1>*^-] 
mA  1"*Vo.  si.  'W  thill  ii  is  M.IT.  nr  just  equal  to  that  of  the 
IV.  ■■  :i.  I:i  >::-»:ii;  rMiura>t  with  this  low  retleeiinc:  power. 
:':.-     i'.''  i'  ft"  \'i'iius  is  0.7»'i  acLoriling  to  the  ubservati":.? 

V  .     .»l    ...... 

259.   The  Atmospheres  of  Mercury  and  Venus.  —  The  .\H'l- 

i.     ^  ^■.'.     .  ::.  :'..■■   l.i'^t  aitiile  shuw  wliat   uiav  hi.-   reasi»iialilv 

;i'.'-4''  »if  Mfivury  uieaiis  ihat  it  lias  pi'O- 

.i::i.  si.jicn*.  ni-  imno  at  all.      Tlie  ohstiv.i- 

::  ■/:.•■  ani« '11111  «»f  li'jfht  it  reflects  at  ditTerem 

:    ^'..  -v  :"..it   lilt.-  ivrtt'ctiou  is  from  a  s«»lid  luu'Viii 

A:   :!.     :'::i«.   ii  nan  si  is  the  sun  there  is  no  hri^jlit. 

1..'..    ^*  :. 'lii    III!::.  ni»r  are  there   anv  refrattivc 

'..■'  <'M\'<  liiiib.     Fiirthernn»re.  it  follow > 

:\  ••I  iT^ises  (Arts.  110  and  111 )  liii: 

.:•  .  •>' iu-if,  it  would  verv  nrobahlv  lost 

:   :..«■  inu-nse  heat   receivrd  fnnn  iIm. 

*  >'  ^  :  w-ti'-ns  of  its  surface  niarkiuirstH  Ik- 

<■  si;.'W  that   itii  surface  is  \v*i  «'!'• 

^  -    ■">  «  nvi'li>i»e.     Altogether  there  i-^ 

.  :  \'..K-  c«>nc-lusiou  that  Mercurv  ll;l^ 

-  .  i  ..  -:horc.  if  anv  at  all. 

i.iiy  fvitlem-e  it  is  believed  ilii* 
.i*.i::s:'hfric  envelope,  prohabh  ;i- 
-     ■     ;..  is  tin-  earth.     This  c<»nchi>i'i; 
■      ■•.  vvidfiice  of  a  most  conviiirinj 
•    "  -lo creases  from  the  ceiiti*r  i"- 
.   -:!::•-::  w. mid  be  greatest.  Tli-:- 
:   ■.:.■■:..:*  .r  have  been  observe»l  t<-: 
v.v.    .  ..-..      ':^   :  ■'..    r.i  St  sat  isfaetorv  evidence  i? 

::.•.'.  w  ..  ■    ■'.        -.   -     •••    -  •-■  ■.".   :'..l:i  the  atmospheric  rinsj-^ 
:..;::•■.•.  :ii  iv.  \  '•..  •  :".         v' -.  'A.ivii  must  be  exaotlv  1-*'" 
!n«ui   i-.uh    .'I'lur    ::    ...    >;:.::•..      Madler  (^18410  f.miiil  ll'.i> 
iV/n/Jiiiiafii'ii    i»>   c\uv.v\    -v.  ..-./v  *\\\vi^  iVv^u  many  uiin-r 
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aatraaoaen  luiv«  oli8ervt><l  the  ritiK  of  yellnw  Uglit  entirely  i 
ftroond  the  planet  when  it  liiw  benii  iiuiir  cDujiiiictioQ.  FrouJ 
ohaenraliona  nf  th«  saiiio  cliiirnctor  miwlo  in  18'.)8,  RuMell  ' 
eoneludefl  tliat  the  atmosphcro  of  Vetiiis  ut  coiisidetnbly 
Um  irfnu'tive  thim  that  of  the  eart.li.  'I'hi-  coiichwion  is 
•Tidontly  o|>vn  to  sonit;  unutrUiinty  liecaiiite  of  the  luck  nf 
koowli^l^  whuthcr  or  nut  tlio  ti^hl  which  cnmu  to  iix  [huhw<1 
tlirough  tlif!  lovevT  utrata  of  its  ntmoHiihcn*.  or  wiui  ri>flfK-t«d 
from  the  hi^lier  rrgiona.  SjwotnMro|iio  nbiK<rvat)ons  seem 
to  poiRt  to  tlie  abtiorjttion  of  lijfht  by  watur  vapor  in  the 
•tmospbera  of  Vcnu»,  but  the  conoliution  U  at  prewMit 
doubtful. 

MO.  Surface  MarUncB  and  Rotation  of  Mercnir-  —  1'he 
fiptt  jMlroiiuinvr  to  oLmtvo  ^lystvtiiiiticiilly  niiil  cmitinuously 
ilif  Hurfiu'e  mnrkinitH  of  the  tutKtn,  suti.  and  phtnetM  was 
-     iriiter  (l"4i>-l«lt!),     lie  waa  an  ob«tervcr  of  rare  enthn* 

-tit  and  gn-at  jiatitrnci*,  but   lit!  acemn    in  aouie   instances 

havt  U^-n  ks)  by  Inn  lively  imiitfinution  to  erroneoUM  con- 
irluMonn. 

In  IMH)  Scliroter  olmerved  that  the  southpm  horn  of  Mer- 
cury mu  sli)(ltt]y  roundt'd.  and  from  the  tinie  of  the  reafK 
'  .irance  of  Die   t-ondilioii   he  concluded   that  the  pUnet'a 

'lod  of  rotation  i»  34  hr.  4  lu.  lliit  work  waa  tjuile  j^ner- 
.  i>  accept*^  tinlil after  1K80.  .Vbout  1S80  SohiajHtrvlli  took 
up  at  Milan  the  work  of  tnnkinR  systematic  planolary  obtwr- 
vations.  He  found  that  the  planet  Men-nry  could  be  much 
belter  >e«n  in  the  daytime  when  near  the  meridian,  notwith- 
atandlnj;  the  ilhiminalion  of  the  »ky,  than  at  night.  He 
found  a  nwe-tintftsl  dink  covered  with  )wnnaiient  darker 
marking*.  I'untuing  hi*  obmnratiotw  hour  after  hour  con* 
wcutively,  insteiMl  uf  fur  a  few  moments  at  inli-rvabi  of  a  day 
or  more,  he  came  to  the  remarkable  cimclusion  that  the 
lilaoet  rotatea  around  an  axis  wiuiibly  [lerpendicular  to  its 
"t  in  a  |»eriod  e(|ua]  to  itM  iieriua)  uf  revolulvuti  axv^xuA  >\'v» 
Time  nmuiui  Aare  (wen  fully  coaftrme^  Vvj  Va'w*^  v*^ 
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Flagstaff  and  at  Mexico.  The  observations  upon  which  Hui 
conclusion  is  based  are  difficult,  yet  it  seems  that  they  may 
be  safely  accepted. 

Figure  120  is  Lowell's  map  of  Mercury,  and  shows  an 
astonishing  amount  of  detail.  It  must  not  be  supposed, 
however,  th»t  all  these  streaks  nere 
seen  at  one  time.  Tliey  are  the  com- 
bined results  of  all  the  drawings  made 
by  six  observers  with  two  different 
telescopes  at  Flagstaff  and  at  Mexico. 
The  planet  is  sensibly  spherical.  The 
oblateness  'if  the  figure  is  due  to 
the  fact  that  those  parts  which  are 
brought  into  view  by  the  libration  in 
'^""'m,^!?"''"*^'''    longitude  are  also  shown. 

Figure  121  is  a  reproduction  of 
three  of  Lowell's  actual  drawings  showing  the  slow  rotation. 
From  all  the  observations  Lowell  drew  the  following  conclu- 
sions :  The  markings  on 
Mercury  are  very  dark, 
permanent  streaks  of  non- 
uniform width ;  tlie  period 
of  rotation  of  this  planet 
is  the  same  as  that  of  its 
revolution ;  the  axis  of  its 
rotation  is  sensibly  peri)endioular  to  the  plane  of  its  orbilj 
there  are  on  it  no  clouds,  or  polar  caps,  or  changes  in  tlw 
markings;  and  its' atmosphere  is  at  most  very  thin. 

The  reason  Mercury  always  has  its  same  side  towatd  the 
son  ia  very  probably  tliat  the  friction  of  the  tides  genentted 
by  the  sun  have  worn  down  whatever  excess  of  rotation 
above  revolution  it  may  have  had.  At  every  stage  ot  it< 
development  the  tides  have  made  its  rotation  slower  than  it 
wisft  would  have  been. 

e  MercuriaQ  ScasOTvs.  — '^'^i'i  s,ftvis«w9,ol  Meccury  sm 
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<lue  entirely  to  it«  vsrj'iiig  iliMtniicc  from  tht'  sun  and  to  ita 
tibrmtion.  Ilecntue  of  tbo  Urge  wcentricity  of  ita  orbit, 
which  is  gmt«r  than  that  of  any  other  phmet,  it  in  only 
two-thinU  lu  far  from  the  sun  at  periholion  ti»  at  nphclion  ; 
roiiMrifui-iitly  the  hont  itntl  H^ht  rt!Cviri.-<]  nl  aphelion  arc  only 
four-ninths  of  the  amount  nicuivcti  at  [ierihi.-lion. 

The  lihratiun,  like  tliat  of  the  moon  in  Icmgitade,  i»  due  to 
the  fact  that  the  jiloiiet  movbti  at  a  variable  rate  in  itt*  orbit, 
while  it  muHt  routii  uniformly  on  itn  axia.  Ueeuusi!  of  the 
lar}^  eciientricity  the  libmtiun  is  very  ^reat,  Iwinjf  about 
23.'i'  each  side  of  the  mean.  There  ore  llitts  ISS*  of  longi- 
tude on  which  the  auo  always  shines,  an  equal  amount  on 
which  it  never  shines,  and  two  Eones  of  47'  each  on  which 
it  oltemattflr  shines  and  docs  not  shine  with  ■  period  of  0.24 
ynuK  •=  88  d«y». 

On  the  side  of  Mcnniry  toward  the  sun  the  t«>miMirntnru 
most  be  suflicicnt  to  dinijutte  immediately  any  such  Itiinids 
at  water,  while  the  oppotite  side  must  be  subject  to  a  fri^d- 
ity  never  experienced  on  the  earth.  If  water  were  distrib- 
uted all  over  the  planet,  it  would  ii]>eedily  lie  erajtomted  on 
tbe  one  aide  and  preeipitated  a»  snow  cm  ilm  other.  If  there 
is  any  atmuMphere,  it  must  be  in  the  moot  violent  cirrulation 
in  its  work  of  e^iuolitinft  I«mi)eruture.  Along  the  («m[>enite 
sone.  which  separates  that  of  pcrfwtual  sunshine  from  tliat  of 
[wrpetual  dorknewi,  there  may  be  a  moderate  climate  so  far  as 
temperature  is  conoeroed,  c«iipcially  if  tla're  is  much  atmna- 
I>lwre.  Tbe  iiea«onal  changes  due  (o  the  varyinf;  diataiiciM 
fmm  tbe  atin  and  the  librolion  inni^t  lie  quite  extreme, 
tlK>ogk  tbo  two  cauM«  ccmntcract  ew-h  other  somewhat  hm- 
raose  they  have  tbe  same  |H<ri(Hl  but  di(T>*n-nl  phaam. 

att.  Surface  Marldacs  and  Routloa  of  Veaiu.  -~  Tbe  bia- 
t>>ry  of  ibf  »titily  of  the  riiUiion  of  Venus  is  almost  precisely 
like  that  of  Mercury.  From  ubwrvations  of  very  faint  mark- 
ings by  his  pnpdecdwwrs.  J.  J.  Cossini,  in  1740,  conclwl**! 
that  Venus  roUtea  in  38  br.  SO  m.     FTom  i^  o\M«r««.>\v>wa 
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•  if  11  triiin:;ittMl  Jii>|i  in  1T>* '..♦-! Tl»l  Schniter  eoiicIu^leJ  tiu: 
tii»*  riiiiiii-iii  ]n-ri'»il  is  -•>  hr.  '21  m.,  with  an  inciiiKitioii  o: 
tin:  i»laii»f  "I  its  i-ijiiatnr  to  the  plane  uf  its  orbit  of  over  .>y. 
I'ln-^r^  ivsiills  vvi'iv  iIm.^  l»est  iivailablt*  until  1?S0.  wlu-n  S..:::.t- 
]iai>'Ki  aiiii'»mir»-J  that  Vemis  iiorfnrms  a  rutati«.in  ••:kv  i:: 
a  ii'ViiliitiMii  11  ki.'  the  iiMnii  and  Mt*ri.-iirv. 

Til.-  MhN.'iv.iti'iiiS  of  Si-hiapart'lli  originally  made  in  l^^TT 
■,\vA  I'^TS  wi-if  vtM-iiirtl  hv  himself  in  18!»5.  In  ISTT,  IV- 
i'!iMM-r  l."i,  ll«il«lfn,  ai  Wash intjtnn.  saw  precisely  the  Siime 
iii.uk in_r<  that  wliv  nhst.'r\t.Ml  hy  Sehiajiarelli  at  Milan  eijrht 
ii'iiir^  ♦•arlirr.  Iln-  •ninhwinns  have  been  still  further  verine«l 
liv  i*fri«»iiM.  Tarehiiii,  Mast-ari,  Cerulli,  and  Lowell  sini-e  IM*'.'. 

In^it-ad  uf  basin  I?  their  observations  mu 
faint  and  often  (»bscure  dark  niark- 
inirs.  they  folh)wed  SchiaiMirelli  in  ol)- 
stTvinijf  the  very  brilliant  white  spot-j 
.    ■'.■'.  -i-  will »si' pivsenee  had  been  known  sinco 

'"    •  tht*    Cassinis.     These   niav  be   snow- 

roveivd  mountain  {)eaks  whieh  exten«l 
iiiin    the    upper    atmosphere.     Tliere 
>riiiis  to  be  no  libration  in   latitudf. 
iVi'ni    wliioh    it   is   inferred    that   the 
pl.iiu*  of  the  planet's  equator  coinciJes 
M'ii>ihiy  with  that  of  its  orbit. 
Ill   V."'"   \l".  ■;.  v^ky   nn<Ii;rt«»(>k   to  determine   tlie  rate  of 
imI,!;i-.ii  I'V  in-.r.-  .-t'  i!;i- sjK'ctroscope.     So  far  as  the  ohser- 
\.iiin:i>.  \\i;;.:i  w.-:--  inlmiiU'dly  nnly  preliminary  ami  iniper- 
I.-.  I.  liii.iw    iIlt;.!    "li   ill'-  <iiifsti»»n  they  point  to  tlie  shortor 
r<>i;t;inj,  |.i'ii<>il.      <  )n  iIm-  miIi.t  liand,  Slipher'a  work  with  the 
>p*'rn'.)sro|M'   Ml    til.'    I..i\vrll   obsci'vatory   in    1903  gave  iii^ 
i'\  jil'-iiii' itf  ;i  <li.irl  rni.iiiitii   I'l-rio*!.      Itecent  direct  observii- 
li.ni^    1»\-    Xicst.'ii.  'i'r. .ii\ fj.ii.   Williams,  and    Rrenner  als" 
[Hijiii    to  a   pci'liiil    ItrtW'M'ii   i!-»  and  '24  hours.      Hut   if  tin* 
hri^lit  sjmVis  artnally  iM/InMLT  t"  tlu*  solid  surface  of  tlieplanii. 
us  scL'inti  very  proba\)le  (wmx  \V\v\y  \\vM'iuanent  character,  tlu- 
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t  on  the  whole  nhown  thnt  thu  period  of  rotation  i 
0.6IS  jur  s  '22.*>  days.     The  explanation  of  thU  condition  u  J 
the  ume  ax  for  thv  corresponding  conditions  in  the  cu»e  of  I 
the  itiion  iiml  M'ri'ury. 
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983.  The  Seuoni  of  Venns.  —  Thi-  orbit  uf  Venus  i»  mora 
ltc«rly  circular  tluin  thnt  of  any  other  planet.  The  result 
u  that  both  its  chan^  of  distance  and  it^  lihrations  ara 
very  nnaU.  Conwquently  any  place  on  VenuH  must  have  a 
remarlcably  uniform  climate,  whether  it  lie  the  extreme  of 
Inrridity  on  the  nil«  towanl  the  sun,  or  of  frifpdity  on  the 
f^pcMite.  Thv  cluingM  In  the  amount  of  heat  receired  front 
Jhm  Bun  due  Ui  the  rocvntricity  of  its  orbit  are  only  one- 
HirlieUi  as  graat  as  tbey  are  in  tlie  eaae  of  Mrrcunp-. 

Hf  MARK 

Ml  ThaSBtsUltnof  Man.  — In  An^at,  1877,  A«ph  Hall 
diKOvcred  two  very  nntall  aatelliles  revolving  eastvrani 
amand  Man  sensibly  in  the  plane  of  its  e<iuator.  They  ara 
■o  Diioala  and  so  near  tlte  bright  ptauet  tliat  they  can  be 
■Mn  only  wiUi  a  very  large  telescope,  and  tbea  Man  ntuat 
'k§  hidden  by  a  small  screen  in  tb«  foeal  plaoa.  ~~ 
1  Phobos  and  Dmmtm. 
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The  orbits  of  tlie  satellites  of  Mars  are  very  stnall,  Phobas 
being  only  5850  milea  from  the  planet's  center,  and  Ddnifs 
14,650  miles.  That  is,  Phobos  is  only  3750  miles  from  tLr 
surface  of  Mars,  and  could  n-ji 
be  seen  in  latitudes  greater 
than  09°  north  or  south  because 
of  the  curvature  of  the  pkiiel'» 
surface.  The  relative  dimtii- 
sions  of  tlie  planet  and  tlie 
orbits  of  its  satellites  arc  shown 
in  Fig.  124. 

On  the  assumiition   that  the 
satellites  have  the  same  albedo 
as  Mars,  E.  C.  Piekcring  con- 
cluded   tliat    the    diameters  oi 
""■  ^*^"  Phobos  and   Deimos  are  seven 

and  six  miles  respectively.      However,  they  may  be  consid- 
erably larger,  as  Lowell  inferred  from  bis  observations. 

Because  of  the  small  distances  of  the  satellites,  llieit 
sidereal  periods  are  very  short,  being  7  hr.  39  m.  and  30  hr, 
18  m.  respectively.  Mars  rotates  on  its  axis  in  24  hr.  37  m. 
Hence  Phobos  makes  more  than  three  revolutions  while  the 
planet  turns  around  once.  This  leads  to  tlie  very  interest- 
ing phenomenon  of  a  satellite  rising  in  the  west  and  getting 
in  the  east.  The  period  from  meridian  around  to  meridian 
is  11  hr.  7m.  On  the  other  hand,  Deimoa  rises  in  the  east  and 
sets  in  the  west,  the  period  from  meridian  to  meridian  being 
13  hr.  15  m. 

265.  The  Rotation  of  Mars.  — In  1666  Hwoke  and  Cassiui 
saw  dark  streaks  on  the  rutldy  disk  of  Mara,  and  the  murt- 
iugs  they  drew  can  be  recognized  at  the  present  day.  Bj 
comparing  those  early  observations  with  recent  ones  the 
period  of  rotation  is  found  with  a  high  degree  of  precisiun. 
h  is  -Z-i  In-.  37  m.  22.7  sec.  or  a  little  more  than  a  day- 
I'hr  ijn  hnatiou  ot  lUe  vi*^«  ^^  '''^  equator  of  Han  to 


thftt  of  itfl  orbit  U  about  24^  Therefore,  except  for  its 
grrtiU'T  d»tanc«  from  the  kud.  the  clayH  and  Hdwona  would 
be  vcrj'  mui'h  like  thoso  of  \\i<-  ^nrtli. 

>66.  The  Albedo  and  Atmosphere  of  Mars.  —  According  to 
Uuller  tUr  nlU-do  of  Mars  i*  U.liT,  wliiili  indiciitca  probably 
■onie  atmiHpbert).  bitt  not  it  v(>rv  d**nse  one. 

The  surface  gnvity  nf  Mam  is  only  two>liflhit  tlist  of 
Uu!  eanli,  and  from  the  kinetic  tlieory  of  gnses  it  would 
Dot  be  expected  tlwt  thitt  pUnet  would  rvtitin  a  very  ext«>n- 
•ITS  ffitseous  envflofw.  Tiie  dirvct  obsorvations  all  point 
to  tbu  aamt*  concluMon.  In  tliv  lirst  place,  the  surface  of 
Mmn  can  nearly  always  be  seen  witliout  any  interferonce 
fn>ni  atmospheric  phcnotnena.  The  meaning  of  this  can  be 
ivaliied  by  considering  the  proltable  appearance  of  the  earth 
>*  iMvii  from  a  diHlant  l>ody.  According  to  I<angley,  40  per 
rrat  of  the  vertical  niys  fmm  the  sitn  are  a)«orli«?d  bj-  the 
atmoaplwre  Ix'fore  they  reach  the  wdid  surface.  Of  the  60 
j»er  cent  reachint;  the  surface  only  a  small  part,  say  one 
(juarter,  are  reflected  from  tho  whiu-st  rock  ;  and  thia  quar- 
i*T  is  largely  abtuirbed  before  it  e«ca[>os  from  the  atmosphere. 
It  is  prtibable  that  not  enough  rayx  are  reflected  from  the 
carth*s  surfu-e  to  make  itw  detaiU  visible  through  the  dense 
Tapor-laden  gases  which  surround  it.' 

The  sliarp  and  sutlileii  iM-cuIlAtion  of  etnni  by  Mara  shows 
that  its  atmosphere  Is  slight.  If  the  atmosphere  of  Mars 
were  of  the  same  pn>i>ortiooute  mass  as  that  of  the  earth. 
it  would  be  mrer  at  tho  surface  of  the  planet  than  that  of 
the  earth  at  the  snmmit  of  tho  llimalnyns.  The  rarity 
of  iu  atmosphere  is  aliown  also  by  the  fact  Utat  there  is  no 
sbsorjilion  near  the  planet's  limb.  Clondlike  formations  are 
•ometimrs  risible,  but  lh«>y  nrv  probably  doe  tn  dust,  and 
mriiiiuly,  they  rise  to  great  heights. 

■  TW  MwatAp"  tslh  o'  nMiiuunlaUon  hrtw««a  tha  ssRa  sad  Mars  hf 
r  toolUlinwB.     WbHW*  •■«  Vanik»\MSL,>aMk 


o  Utn,  sDd  lavWUa  tmn  AAttcnMtaM- 
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267.  The  Topography  of  Mara.  —  To  the  unaided  eye  Mars 
appears  decidedly  red,  but  with  a  telescope  of  even  moderaii; 
dimeiiKionH  tlie  general  ruddy  aurfaee  is  blotched  with  darker, 
greenish  piitches,  wliile  there 
are  often  white  polar  uij». 
The  dark  patches  are  fixtd 
and  sensibly  permanent,  hot 
the  polar  caps  vary  with  the 
planet's  seasons,  as  was  Grst 
noticed  by  Herechel.  In  the 
height  of  winter  for  a  given 
hemisphere  the  white  poUt 
cap  extends  down  25°  to  35° 
from  the  pole ;  but  as  spring 
comes  on  it  diminishes  ia 
size,  first  gradually  contract- 
ing around  its  edges,  then 
breaking  into  parts,  and 
sometimes  it  totally  disap- 
I>ears,  This  is  more  easily 
observed  for  the  south  pole 
than  for  the  north  pole,  be- 
>  cause  the  south  pole  is  turned 
toward  us  wlien  Mars  is  in 
opposition  near  the  perihelion 
s    of  its  orbit. 

When  the  Martian  winter 
comes  on  in  a  hemisphere  of 
tlie  planet,  the  polar  ot^  de- 
velops, but  by  sudden  stefe 
instead   of  gradually.      For 
example,  on   April   9,  1890, 
W.  H.  Pickering  photographed  a  moderate  southern  polar 
"^rge  dim  surrounding  area.     On  the  next  day  the 
T  aprcfti  ft\\  o\*;t  xVv*  iMim  wtiav  yj*t  as  tbongb 
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■now  h»A  fallen  over  a  regiun  as  large  as  tlie  United  StatOK. 
TboM  |>oUr  o4t)«  Ituve  «very  aji]>0Hnmrt>  nf  l>eiiiK  caiiBol  by 
■now,  uid  tlie  maniirr  of  tliinr  apiieitruiK'C  awl  dixuppcanuice 
M  equally  c«nfirmatorY  j  but  it  in  difliciilt  to  acoount  for 
Utewanu  climate  that  thvir  vanialuDg  indicates. 

If  the  jKiIar  capH  of  Mara  are  due  to  siinw,  thertt  iiiiitit  lie 
wat4>r  vafHir  in  itn  almcKiphore.  Tltis  in  a  <)uestion  for  ttpro- 
triMTopic  iiivriitigalinn.  Hii^ina  and  Vugi-l,  in  18(i7  and 
l^'i  n-spentivi-ty,  fulind  what  tlioy  took  ti>  be  truces  nf 
alMirption  by  oquooilH  va[K)r,  but  their  conclusions  Iiavo  not 
bt-on  su])p«rte<l  by  the  more  recent  researches  of  Keeler  and 
Carupltcll.  Jewell  thinks  that  with  preaent  inatrunienlal 
•quipiuent  the  presenile  of  water  va[>or  could  not  be  eertuinly 
det«cte4l  uulens  it  is  more  abundant  than  it  ia  in  the  earth's 
stiDospherv.  So  far  as  Uie  ftiiectnxtcoiie  is  concoruMl  the 
qnestioo  is  still  open. 

The  dark  areas  previously  mentioned  were  sitppoaed  to 
be  seaa,  and  the  retldish  portions  the  continental  regions. 
The  rapid  change*  of  color  in  low  latitudes  in  ajiring  were 
•scribed  to  the  flootling  of  marahy  regions  from  melting 
■nows.  If  this  U  the  correct  diviwon  of  the  surface  into 
land  ami  water,  the  surface  of  ibis  planet  ts  only  aliout  three- 
eiglitlu  water,  whereas  that  of  the  earth  is  about  sii-«ighths 
w»ter.  Like  the  earth  the  greater  {wrt  of  the  hmd  nirfaoo 
is  ill  the  northern  hemisphere.  Uut  it  is  very  doubt/ul 
wbether  the  dark  areas  on  Mara  arc  covered  with  water,  for 
ni»d«r|;ood  eooditions  they  are  aeen  covered  witli  very  com- 
ptex  markings,  inslewl  of  having   the  uniformity  of  actual 

Ml.  The  Caaala  of  Kara.  —  In  I8TT  Schiaparelli  made  the 
fiivt  of  a  aeriea  of  important  diacoverica  re«|wcling  the  sur- 
{■ce  narkinga  of  Man.  He  found  thai  nluit  had  Ih-vh  aup- 
poaed  to  be  onntinental  areas  were  cromied  and  rvcroased  by 
niauy  dark  greenish  streaks  which  always  ended  in  the  "  nea^." 
TTu-y  are  of  great  len^i,  extendin;;  a\l>It^  \iW  »«*  tiV  ^ewift. 
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circles  from  a  few  hundred  miles  up  to  thte  or  four  thoa- 
Band  miles.  Each  streak  is  very  noiform  Id  width,  nnd  the 
different  streaks  are  from  20  to  60  miles  across.  These 
streaks  were  called  by  Sr'iiaparelU  eanali  (channels),  which 
was  translated  into  canals  a  designation  unfortunately  too 
suggestive,  for  they  iiave  no  analogy  with  anything  on  the 
earth.  The  very  narrowest  of  them  tliat  can  be  seen  aro  15 
or  20  miles  across.  Often  many  intersect  in  dark  '*water 
areas"  called  "  lakes."  For  example,  seven  canals  converge 
in  Lacus  Phcenicis  and  six  in  Lacus  Lunie.  According  to 
Lowell  the  junctions  of  canals  are  always  provided  with  lakes, 
and  conversely  lakes  are  nowhere  found  except  at  the  junc- 
tions of  canals. 

In  the  winter  of  1881-1882  Mars  was  again  in  opposition, 
though  not  so  near  the  earth  a6  at  the  previous  one.  Schia- 
parelli  not  only  verified  his  earlier  observations,  hut  he  also 
discovered  the  remarkable  fact  that  a  number  of  the  canals 
are  double  ;  that  is,  that  in  twenty  cases  two  canals  nui  per- 
fectly parallel  to  each  other  at  a  distance  of  from  200  to  400 
miles  apart.  The  doubling  was  found  to  depend  on  the 
seasons  and  to  develop  with  astonishing  rapidity  cliiefly 
when  the  sun  was  at  the  Martian  equinox.  Since  his  ohser^ 
vations  were  made  with  a  modest  telescope  of  8,75  inches 
aperture,  and  since  the  results  appeared  to  be  so  inherently 
improbable,  tliey  were  at  first  accepted  with  many  doubts. 
But  subsequently  many  skilled  observers,  working  under 
the  most  favorable  conditions,  and  with  the  tinost  instru- 
ments, have  verified  tlie  observations  of  the  keen-eyed  Ittdian. 
Among  them  may  be  mentioned  Permtin  and  ThoUon 
at  Nice,  Williams  of  England,  some  of  the  Lick  observers, 
and  the  Lowell  observers.  Lanipland  has  recently  parllT 
confirmed  these  observations  by  photography  at  the  Lowell 
observatory.  On  the  other  hand,  Denning  describes  them 
as  being  somewhat  irregular  in  direction  and  of  varying 
widths,  while  Barnard  baa  nevei  V>«fta  able  to  see  them. 
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conclusions.  However,  Lowell  is  quite  positive  in  the  matter, 
and  the  idea  that  he  has  uot  in  some  way  deceived  hiiuseti 
ia  supported  by  the  fact  that  he  describes  the  marking  on 
Mercury  and  Venus  as  streaks  not  having  the  line-Ukt 
characteristics  of  those  on  Mars.  Another  important  fact  ie 
that  the  canals  and  the  visibility  of   iheir  double  charatier 


Drawing  of  Miirs  by  Lowell, 


Drawing    of     Mara    b3f    Coffshkll,   at   tin 
L'oiversilj  of  luilian*. 
FiQ. 12T. 

vary  with  the  seasons.  In  the  Martian  winter  they  are  in- 
visible, but  come  out  in  the  spring,  sometimes  with  gre»t 
rapidity.  From  an  exhaustive  study  of  his  very  abundant 
observational  material,  Lowell  showed  that  the  canals  &ni 
become  visible  in  the  high  latitudes  along  the  borders  ot 
the  polar  caps,  and  then  appear  lai'tlier  and  farther  down 
toward  the  equator,  which  they  reach  ia  about  50  days- 
There  are  even  greater  differences  in  the  explanations  of 
the  canals  than  there  are  in  the  descriptions  of  their  up- 
pearanco.  Schiaparelli  desciilied  them  without  attempliDj 
to  give  any  explanation.  Yet  it  is  perfectly  proper  l" 
attempt  an  explanation,  provided  we  recognize  its  uncertainly 
antil  its  truth  has  been  fiTtolY  «6tabU8hed.     The  explanation 
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is  tbi>  Uting  of  chief  inMn'st.  It  in  tliat  wliii'h  Ktimulntm 
obaenun  bt-innkt'  f^-cnt  espenditunMof  time  and  iii<>d«,v.  for 
on«  would  not  lind  utliurwiso  much  plvature  in  studyiiif;  the 
fftiut  tnftrkitigii  of  a  body  which  always  looks  simiUiT  than  nu 
ol»jt^-t  an  iiK'h  in  diitRi<-t«r  dueit  at  the  dixtAnce  of  200  rurdit. 

W.  H.  I'ickiTint;  Riiggested  that  the  canals  may  he  dtic  to 
vi^tAtioo.  This  idoa  is  to  soma  extent  siipiMrrU'd  hy  thvtr 
oolnr  and  thi;  manuur  of  thi-ir  chaiif^s  willi  tliP  Bi*asonH.  It 
d(ie*  not  atHNiiiiii  fur  tbutr  natTuvmusx,  straitlhtneax.  atid  frv* 
quest  doul>liii)f.  fxtwell  jiimhetl  the  theory  much  further 
bgr  npptHtn^  that  in  thtt  fentent  of  the  r-nnnls  urv  actual 
mys  i-f>nstniL-t«.-(l  by  int4^1li|^'nt  beiii^^  ;  tliat  the  water- 
bys  ara  usmI  for  irriffation  purjHNHM  :  that  the  cuiiaU  which 
1  arv  due  to  the  veffetalion  growing  on  tho  irrijfated 
icu  alotij;  the  Itanks  of  ihv  waterways :  and  that  {ter- 
>  piim|>in){  stations  arv  neoleil  bcH-AUiiu  of  the  level  tJiar- 
Itar  of  (III-  Burfaee  to  raise  the  water  so  that  it  will  How 

i*r  the  land.  According  to  this  view  the  "  Lakea"  are  aorta 
of  oasea  where  tiie  irrigating  wuterwayK  aroMt.  The  eanaU 
brt-4)iue  rUilila  fint  in  high  latitude*  because  theM*  regions 
are  first  aaitiiliet)  with  water  from  the  melting  |M>lar  vnpm. 
A  tlow  of  S.1  miles  jH-r  hour  would  land  it  to  tlio  equator  in 
aUotit  &*)  days.  It  will  1m.>  seen  that  in  this  way  the  phenom- 
ena of  tlH>  ennals  can  be  explained  very  well.  Lowell  doea 
Dot  pretend  to  have  proveal  thia  tlteory  :  he  believes  that  it 
u  one  of  il*c  [HMitihilitirii.  and  that  at  iimwnt  it  best  explains 
all  the  uhsrn'tHi  [ihenomena.  One  of  the  most  direct  objeR. 
tkiM  to  it,  the  queation  of  lumpemture.  will  be  treated  in 
the  nevt  artielr. 

I'rurtiir  auggealed  that  the  eariaU  may  apfwar  doable 
through  Mirae  effect  of  diffraction  ;  Staniahut,  that  the  phe- 
iiiMnena  may  be  caused  by  reReotiims  fn>m  different  atm«a- 
|>li«rio  strata  ;  and  Flammarioii,  that  tliey  may  be  due 
mirsgn-like  refraotiona.  These  are  suggestiona  for  ex(iUi 
ing  ainply  Uie  twin-like  character  o[  Uw  vaL]u.Vi>  »b^  ^^  '<>k^ 
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give  a  theory  of  the  single  canals  or  why  tliey  vary  with  the 
seasons. 

Recently  Evana  and  Maunder  have  carried  out  n  series  of 
very  interesting  expetinients  for  the  purpose  of  determining 
whether  the  canals  may  not  after  all  be  some  sort  of  optica! 
illusion.  They  used  a  drawing  on  a  circular  disk  5  or  6 
inches  in  diameter  which  represented  fairly  accurately  tlie 
general  shaded  areas  which  have  been  seen  on  Mars.  Instead 
of  canals  a  few  faint  wavy  lines  and  a  larger  number  of  fainl 
diita  were  inserted  promiscuously.  This  drawing  was  eshib- 
jted  to  schoolboys  who  were  seated  ut  various  dist^ueee 
from  it.  They  were  furnished  drawing  paper  on  which  were 
circles  three  inches  in  diameter,  and  were  told  to  fill  in  care- 
fully only  that  which  they  could  see  on  the  original  drawing. 
They  were  ignorant  of  the  appearance  of  Mars  and  were  not 
told  of  the  purpose  of  experiment. 

It  was  found  that  those  boys  who  were  at  such  distancw 
that  the  faint  lines  and  dots  were  just  beyond  the  limits  of 
separate  visibility  drew  canals  having  startling  resemblance 
to  those  seen  by  observers  of  Mars.  It  is  supposed  that  tbc 
eye  in  some  way  integrates  faint  stimuli  which  are  sepa- 
rately imperceptible,  and  out  of  irregularly  scattered  dot* 
constructs  fine  straight  lines.  Evans  and  Maunder  di«v 
the  conclusion,  perhaps  somewhat  hastily,  that  therefore  the 
canals  seen  on  Mars  have  no  objective  existence  on  tbe 
planet. 

Thus  it  is  seen  that  "the  doctors  disagree,"  and  Uie  mIt 
conclusion  we  can  draw  with  safety  at  present  is  that  Miira 
exhibits  a  largo  amount  of  detail  which  we  can  not  cerwinlv 
interpret.  The  problem  of  determining  directly  whether  Mars 
is  inhabited,  even  with  the  beat  telescopes  and  under  tbi' 
hnest  atmospheric  conditions,  is  as  difficult  as  it  would  be  lo 
fiml  whether  this  country  is  inhabited  or  not  from  a  perfectly 
accurate  relief  map  of  the  whole  United  States,  made  on  suci 
a  scfUe  that  it  would  be  onV^  '^  mcV\<i«  in  diameter  and  held 


r«E  PLASKTS 


835  I 


of  3  feet  froiD   Uie  eye.     On  this  map  tlie 
t  of    Ohio    would   be   only  J    of   an  iaclu   and   the 
T  tlir  lofticKi  luuuntjiin  unly  |Jlo  of  ui  inch. 
.  The  Temperatare  of  MtrB- — Tlic  nicwl  direct  ar|^> 
tit  ihiil  tiuA  l>ecn  Uruughl  Hpiinat  Ix>wcir8  theory  u  that 
s  u  too  cold  to  Kup]M)rt  lifv.     In  this  connection  it  \im 
iOggented  tliat  the  polar  cupx  are  not  8now.  liut  tltnt 
■  rarUm  dioxide,  which  frefizeiH  lit  —  loy"  Fiihrenheii 
;>  a  white  Mitid  rt-MniblinK  Miow.     Wlivn  tlie  tempi' ral lire 
-109°  Kmhruntivit,  the  carlion  dioxide  crysuU 
t  and  evapnrstc.    ThcMt  ranclusionn  ure  baaed  on  the  tact 
.  Uara  rereivea   only  alnut  fuur-ointha   as   mnch    bent 
from  the  nun  at)  the  earth  does. 

The  rjute  '»  not  qiiitc  »o  nnfavorable  ua  a  auperSeial  exam- 
ination might  Irnd  one  t«  suppose.  It  by  no  meaiia  follows 
'  Mt  tliL-  trmperature  of  Mara  would  be  only  four.ninths  that 
i  tliL'  i-.-triti.  It  may  lie  nupposed  that  on  the  aviTage 
liji-  ptaiiHa  radiate  aa  mnch  heat  during  their  respective 
rc\olut4ona  ■«  they  rect-ive.  Tbc  rate  of  radiation  of  a 
body  (a  perfectly  black  body),  a<.^cording  to  Stefan'*  law, 
Tariea  aa  the  fourtli  power  of  the  alMwlule  tvm]>eratun.'. 
Tbervfiire.  if  one  body  ia  eonstantly  twice  as  hot  as  another, 
it  nidiat«a  Id  tiroes  aa  much  heat,  and  ia  aupplii'd  with  Id 
utoca  aa  much  beat.  Cont^eraely,  if  tt  wer«  i-onstnutly  »»[»■ 
Lytinl  with  16  tiinea  aa  much  beat,  it  would  be  twice  aa  hot 
Ua  the  abvulute  acale. 

I  <hi  the  Fahrenheit  scale  the  absolute  zero  ia  altout  490' 
Mow  fn^xinf?.  If  ttie  avera^  tem|kcnituro  of  the  earth 
wenr  Ijtlcrn  nji  W  Fahrenheit,  ita  temperature  oit  the  abso- 
lute sralr  wirtibl  Im  JW*"  +  (60"  -  82»>  =  518°.  If  we  let  x 
nprearnt  tb«  absolut«  t«mpftniture  of  Mara,  it  foUowa  from 
Stefan's  law  that 
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But  425**  on  the  absolute  scale  is  425** -(490** -32**)  =  -33' 
with  the  Fahrenheit  zero.  These  results  are  obtained  under 
the  hypothesis  that  the  two  bodies  are  both  perfect  radiati)rs, 
or,  at  least,  radiate  similarly.  The  difference  in  the  consti- 
tution of  their  atmospheres  may  cause  conditions  quite  dif- 
ferent from  those  suggested  by  these  figures  (Art.  114). 
At  any  rate,  it  is  not  safe  to  assume,  in  the  light  of  our 
present  knowledge,  that  the  temperature  on  Mai*s  is  neces- 
sarily so  low  as  tliCvSe  figures  suggest  it  may  be. 

271.  The  Major  Planets.  —  It  was  seen  in  the  last  chapter 
that  the  major  phmets  have  many  common  characteristics 
which  (listinguisli  tliem  from  the  members  of  the  terrestrial 
grouj).  I'heir  detailed  study  emphasizes  the  differences  in 
the  two  groups. 

The  noanist  of  the  major  planets  is  Jupiter,  which,  even  in 
opposition,  is  more  tlian  four  times  as  far  from  us  as  we  are 
from  the  sun.  Because  of  this  great  distance  it  would  not 
be  possible  to  study  fine  markings,  such  as  are  found  on 
Mars,  even  if  they  existed,  and  the  difficulties  are  greater  for 
Saturn,  Uranus,  and  Neptune.  It  will  be  understood  that 
sonic  of  the  problems  are  unsolved  because  of  the  great  dis- 
tances of  those  bodies. 

JUPITER 

272.  Jupiters  Satellite  System.  —  The  first  objects  dis- 
(•(>vcro(l  bv  (ialiloo  when  he  pointed  his  telescope  to  the  sky, 
in  IGIO,  wen?  four  of  the  moons  of  Jupiter.  They  are  barfly 
Ixtyond  the  limits  of  visibility  without  optical  aid,  and, 
indetMl,  could  be  seen  with  the  unaided  eye  if  they  were  net 
lost  in  the  <lazzlin^^  rays  of  Jupiter.  No  other  satellite  of 
this  j)lanet  was  discMn'ered  until  1892,  when  Barnard  caugl'^ 
a  glimpse  of  a  liftli  one  very  close  to  the  planet.  It  is  {*o 
small  and  so  buried  in  the  rays  of  the  planet  that  it  can  be 
seen   only  by  experienced  observers  through  a  few  of  the 

largest  telescopes  in  Ihe  woild.     Early  in   1905    Perrine 


fouDil  hr  pholit^rBphy  that  JupitLT  Iibh  utill  twn  more  satel- 
litrs.  which  ore  nittre  remoU!  fruin  the  planet  Uian  thonn  pre- 
viitiuly  ktiiiwn.  They  ore  bolh  ahntit  t,*N>0,00()  mtk'H  frinn 
Jupiter.  The  ect-eiitricities  of  their  orhit«  aru  (^oiMi'lt-rnhle 
■nil  their  [niiIw  nctiwlly  l»op  thnm^jh  each  iilhcr,  hut  their 
multul  incliiMtidii  tit  »o  high  (.27°^  tluit  thi^y  do  uot  often 
p«M  very  nesr  «u-h  other. 


r 


tW.  — .taptM*udfMiiu«tPlM  F1**  toti*<lltntalt<«l(.    |i1«  tbu  vmla  iha 


The  Mtellite  iliKOvered  hy  Barnard  ih  called  V  (the  fifth), 
and  the  uthem  previoiinly  known  in  the  onler  of  their  dia- 
tance  fnim  Jiipttvr  are  I.  II.  III.  IV.     The  laxt  Ivto  m*  ^wt  ' 

«li#  nrMpnt  rallMl  tits  tixtb  and  sevvDlh  \\\  tW  ot4m  oV  SX\*« 
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Jiscovery,  Tlie  orbits  of  all  the  satellites,  except  tlieBixlh 
and  Hcventh,  are  very  nearly  circular,  and  all  except  t^oae  of 
the  sixth  and  seventh  lie  in  the  plane  of  the  planet's  equator. 
The  size  of  the  fifth  satellite  can  be  estimated  only  from  tie 
amount  nf  tight  it  reflects ;  the  four  largest  ones  can  be 
mtjasurud.  The  satellites  all  revolve  around  Jupiter  frota 
west  to  east  except  possibly  the  seventh,  which  the  photo- 
graphs HO  far  obtained  seem  to  show,  performs  a  retrograde 
revolution.  The  following  table  gives  their  distances,  peri- 
win,  and  diameters,  the  last  being  the  results  of  Barnard's 
extensive  measures. 


ni.T»Nr.  n..- 

Pauop 

I,.™, 

V  (uniiainml) 

U  <B««.pa) 

III  (Qatiymode) 

IV  (C»U1»KI) 

VI  niid  VU  (unumiipd) 

112,ri00mi. 
261 .000  nil. 
4IS,t)00  ml. 
664,000  mi. 

l,t<>7,000ml. 
AboutT.iXiO.iWrtmi, 

Oda.lIhr.flTin. 

lda.18br.S8m. 

3d..l3hr.W(i,. 

7 da.  31ir.43u. 
lGda.16hr.39in. 
About  -205  da. 

About  lOOml 
Mm  at 

atwni- 

SSBHi- 

334Sai. 
V.rr>m>U 

273.  Markings  oa  Jupiter's  Satellites.  —  The  great  distance 
I  of  Jupit«r  render  it  diflicull  to 
detect  any  but  large  and  dtstiDClIf 
colored  markings  on  the  sst«llit<B. 
lu  IS'M  Barnard  found  I  to  b* 
elongated  parallel  to  the  equator  of 
Jupiter  when  transiting  the  duker 
(XTtions  of  the  planet,  and  eloo- 
I  guted,  or  double,  in  the  opposite 
direction  when  over  the  br^tef 
parts.  He  interpreted  this  as  mean- 
iai;  that  the  poles  of  the  aateilit< 
are  dark  and  that  the  eqiuton*! 
belt  i»  white.  The  wxotnpaoTinS 
euV.  ^\o<«'\Yt7i,  >^  taticlUte  traDsitinfi 
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seconds  to  travel  the  distance  from  the  sun  to  the  earth. 
When  the  distance  is  known  the  velocity  of  light  can  be  founi 
At  the  present  time  the  velocity  of  light  can  be  fgunil 
more  accurately  by  phj'Bical  exjieriments.  The  work  of 
Fizeau,  Michelson,  and  Newcoinb  shows  that  it  is  verj' 
nearly  18tJ,330  miles  per  second.  This  velocity  and  the  light 
equation  of  499  seconds  being  known,  the  distance  to  the  eon 
can  be  computed. 

275.  The  Atmosphere  and  Albedo  of  Jupiter.  —  From  iU 
low  avenige  density  and  its  great  ability  to  retain  an  atmos- 
phere, it  is  to  he  expected  that  Jupiter  has  an  eslensive 
gaseous  envelope,  and  such  observations  as  are  pertinent 
support  this  view.  The  albedo,  according  to  ZuUner,  is  0.62. 
Tiie  light  which  is  leRected  to  ns  does  not  seem  to  have 
penetrated  far  into  tlie  Jovian  atmosphere,  for  its  spectrum 
is  almost  identical  with  that  of  sunliglit,  except  for  a  (ew 
absorption  lines. 

276.  Surface  Markings  and  Rotations  of  Jupiter.  — Jupiter 
is  covered  willi  ii  viirii-ly  uf  markings,  many  of  which  can 

Ije  seen  with  a  telescope 
of  moderate  dimensions. 
Tlie  principal  features  »n 
broad  parallel  belts.  Tbe 
central  one  is  white  and 
at  present  about  10,0«fl 
miles  wide;  on  each  side 
is  a  belt  of  reddish  brown 
color  of  nearly  the  same 
width.  Several  other  belU 
in  higher  latitudes  can  1* 
made  out,  though  not  will" 
such  distinctness,  partly 
'  ^'  ''■  ''"i"'^'"--  at  least  because  we  look 
The  belts  vary  considerably  in  width,** 
the  tfrawings  (Fig.  133")  V)'^  tt(iMg\\  d^Gw . 


FlO.  133,  — .iDpile 

at  them  obliquely. 
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equator  ia  about  30,000  miles  an  hour.  Coo3equentl;i 
two  spots  wliose  periods  differ  by  7  minutes  drift  by 
each  other  at  tlie  relative  rate  of  '  °4 g"  °  =  350  (about) 
miles  per  hour.  Compare  this  with  the  70  to  100  milw 
per  hour  at  which  tornadoes  sweep  along  the  surface  of  the 
earth  1 

The  central  white  belt  is  along  the  equator  and  rotates 
the  fastest  of  any  portion  of  tlie  pUnet  except  a  zone  in 
north  latitude  about  20°  to  24°.  This  more  rapid  rotation  cpI 
the  equatorial  zone  is  a  remarkable  phenomenon  which  is 
also  observed  upon  both  Saturn  and  the  sun.  The  rate  of  ro- 
tation does  not  diminish  regularly  with  incrcLising  distance 
from  the  equator,  and  there  is  marked  dissimilarity  in  the  two 
hemispheres.  The  southern  hemisphere  presents  evidencesof 
more  rapid  changes  than  the  northern ;  the  southern  is  par- 
ticularly the  home  of  bright  spots,  and  the  northern  of  linrk 
ones.  Another  thing  not  less  strange  is  that  the  rat«s  of 
rotation  of  given  spots  may  undergo  rapid  and  large  vnria- 
tions.  The  period  of  rotation  of  the  great  red  spot  increased 
seven  seconds  in  the  eight  years  following  its  first  appearance, 
but  it  has  been  sensibly  constant  since.  The  sudden  chxngee 
in  rotation  and  displacement  occur  at  the  tiroes  of  changes  in 
color  and  visibility.  It  is  not  known  why  the  equatorial  wne 
rotates  the  fastest,  or  why  the  periods  of  individual  spots 
sometimes  v:iry, 

277.  Physical  Condition  of  Jupiter.  —  In  considering  tlw 
physical  condition  of  .lupiter  it  should  be  remembered  tbat 
Jupiter  has  the  low  average  density  of  1.3-3  on  the  wiier 
standard,  that  the  markings  are  not  permanent,  and  that 
there  are  violent  relative  motions  of  the  visible  parts. 
I  things  indicate  that  Jupiter  may  be  largely  gsseous 
B  surface.  The  surface  gravity  ia  2.6  times  that  of 
prthi  giving  great  pressures  even  at  shallow  deptbt- 
)  sustained  by  the  expansive  tendenoiei 
eT&lure.    ll  v&  «afQ  to  infer  from  UiB 
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HiitT  nnrt  gravity  premure  of  Jupiter  thnt  iU  int«rior  I 
U  )iiw  Itreii  Kiipposetl,  indeed,  liy  noniv  t)int  i 
VcBrCkoe  u  tvry  hot  nud  [iirtly  M'lf-ltiiniDoiiH ;  liul  hucIi  can  n 
be  the  euo,  fur  thv  aliiuluws  cant  by  the  satflliten  on  the 
pUn«t   an  perfectly  black,  and  when  a  satt'llitA  ix  in   the 
•hadiiv  of  Jupiter   it  in   iiivi»ible.      No   dixturlHiiicoi   di»-_ 
tiDctly    rewnifaliug   volauiJc    ucUvity  hiivv    lieen   observvi 
but  Jupiter  ■»  no  far  awaj'  that  thi'y  could  not  Iw  wen  unlet 
tbey  coverrd  •  region  mveml  hamln-d  miles  acraw. 

In  concluMoa,  we  shall  probably  be  near  the  truth  if  we 
■tppme  that  Jupiter  i»  not  in  an  ndvnnctMl  Mage  of  ita  i>volu- 
bon  like  the  terrMtrial  planela,  but  that  it  oontainn  euonuoua 
viilumea  of  gaai-a  whii-h  arv  in  rapid  cinrulutiun  l>uth  along 
vid  {iprpeudit-ulBr  ti>  its  surface,  and  that  thi.>  euergy  of  its 
internal  firrs  still  givps  rise  to  violeut  motious. 
378.  Seaseul  Changes  on  Jupiter-  —  The  inclination  of  the 
xue  iif  Jtijiiu-r's  c'luulor  l<i  ilml  of  ita  orbit  is  only  8"  fi'. 
i'  follovs  fnini  this  itml  the  small  ereentncity  of  its  orbit 
tliat  tbe  seasonal  ctuin^fen  are  unimp<^>rtant.  Jupiter  gets 
oaly  gif  aa  tnach  light  and  heat  [>vt  unit  area  from  thv  sun  as 
tbe  e«rtb  dtten,  and  when  its  internal  heAt  beoonu'S  eshaustml 
kj  radiation,  ao  f ar  as  vre  can  judge,  it  will  laiwu  into  a  c 
ditjon  ol  perpetual  frigidity. 


Satsrn'i  Sittlllte  STStem.  — Sntum  has  mttn  known 
lellitm  than  any  ullicr  planet  in  the  wtlar  system.     Tbe 
»t  one  VTiut  diHCovvnnI  by  lluyi^hi-nx  in  Ifi/Wi,  then  four 
•  wirre  diiK'overetl  by  J.   I).  Cassini,  lt!TI~IRM.  two  by 
llenH  hel  in  17m>.  one  by  G.  P.  lUind  and  Ussell 
fl»48,  a  ninth  by  \V.  H.  Pickering  in  1899,  and  a  tenth  by 
'.  H.  PtiJ[ering  in  IIKIA.      Tbe  pUtiel  w  «ct  wcatAft  V 
tKeir  ditsenMoiw  to  ooty  roiighlr  knovot  Itom  VStons  vji| 


■ 

f^^^^l 

^^H 

■ 
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ent  brightness,  and  we  have  no  direct  knowledge  of  tbe  mass 
of  any  one  except  Titan,  wliieli  is  about  ,^1,5  tliat  of  Satnrn. 
The  seven  wliicb  are  nearest  to  the  planet  revolve  sensilily 
n  the  plane  of  its  equator,  white  the  orbit  of  the  eighlli. 
(apetus,  is  inclined  to  it  about  10°,  and  the  ninth  about  20°. 
When  Japetus  is  on  the  western  side  of  Saturn,  it  always 
appears  much  brighter  than  when  on  the  eastern  side.     This 
difference  in  appearance  is  undoubtedly  due  to  the  fact  thai 
this  satellite  always  has  the  same  side  toward  the  planet,  aod 
that  its  two  sides  reflect  liglit  very  unequally. 

The  ninth  satellite  is  in  some  respects  the  most  remarkable 
satellite  in  the  solar  system.      It  was  discovered  on  photo- 
rraphs  taken  at  the  Harvard  station  at  Arequipa  in  1898. 
:t  is  so  small  and  faint  that  it  was  not  photographed  again 
or  several  years,  but  now  it  has  been  detected  on  more  than 
orty  plates,  and  Barnard  has  seen  it  with  the  great  Yerkes 
telescope.     It  is  so  far  from  Saturn  that  its  period  of  revolu- 
tion is  1.5  years,  or  more  than  six  times  that  of  Mercury  arounil 
he  sun.     But  the  most  unexpected  thing  about  it  is  that  it 
revolves  around  the  planet  in  the  retrograde  direction  —  that 
s,  opposite  to  that  of  the  other  satellites,  the  rotation  of  the 
tlanet,  and,  in  fact,  to  all  other  mottons  of  the  aolar  system 
80  far  studied.' 

l^ 

S*TKi.i,rc> 

Dmt*m(-e 

YB.OU   SaTUBN 

FE&ion 

Duunn 

I  (MimiH.) 
II  (Rncelndus) 
IllCretliyg) 
IV  (Dione) 
V  (Rhea) 
VI  {Titan) 
X  (unnamed) 
Vrr(n.vperion) 

riiT  (.T»i*tiiK) 

117,000  mi. 
157,000  mi. 
186.000  mi. 
238,00(1  mi. 
332,000  mi. 
771,000  iiiL 

984.000  mi. 
2.22.-..000nii. 
7.1l9<i.<WOmi. 

0  da.  22  hr.  37  m. 
Ida.    8hr.53ni. 
lda.2lhr.  ISm- 
i'da.  17hr.41m. 
4  da.  12  hr.  25  m. 
15  da.  22  hr.  41m. 

21  (la.    6hr.39in. 

78  (ia.    7hr.  54  m. 
j46dii.  12hr.— 

About   800  mi. 
About  SOflml 
AlK)utI200mi. 

About  1 100  mi. 
AUulISOOwi. 
About  8000  mi. 

About   500 mi. 
About  2000  mi. 
About  300  mi. 

^^     "TIllWMll rrivillnii^r  "■ ^%>.-u«.^.«.ia>^^^-^^-  g 

TIIK  PLA.VBTS 

ble  gives  the  principal  dfttA  respecting 

B  diftgram  ImIow  illu)itrat«8  tli«  relative 

r  orbit«  to  scale. 


SttMim'i    Ri&c    Syttera. — Satum    i»    distinfraishml 

I  all  Uw  <i(li«r  pinrii'ls  by  thm*  widi%  thin  ringH  which 

n  the  pUm-  of  its  mjuatur.     Thoy  were  awn  by 

>  in  1610.  but  their  character  waa  not  knovn  until  the 

ratiuat  of  Huyghonn  in  16!^. 

B  outer  ring  ha«  n  (liami)l«r  of  172.<S10  mile*,  a  width  in 
»  o(  about  11,000  tnilen.  nml  a  tbicktMM  esUn»Utf^\t» 
.  fiO  milM.     It  IB  circular  RTountV  Vhn  v\»xwA.  w^  % 
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center,  and  is  of  nearly  the  same  brightness  as  the  planet- 
Inside  of  this  ring  at  a  distance  of  about  2200  miles  is 
another  ring  whose  widtli  is  about  18,U0O  miles.  Tlie 
narrow  zone  between  the  rings  was  discovered  by  Cawini 
and  is  called  Va»smi'a  liivmoti.  The  outer  portion  of  thia 
inner  ring  is  the 
brightest  part  of  the 
whole  ring  system,  and 
is  fully  as  bright  u 
tlie  planet  itself.  In- 
side of  this  ring  it 
another  known  as  the 
crape  rinff.  which  is 
about  11,000  mileB  in 
width.  Its  inner  edge 
is  less  than  IjOOO  miles 
from  the  surface  cf 
the  planet.  It  is  very 
faint  on  its  inner  borders  and  gets  gradually  brighter  until 
it  merges  in  the  bright  ring  beyond. 

The  rings  are  inclined  about  27°  to  the  plane  of  the  planet's 
orbit,  and  about  28°  to  the  plane  of  the  ecliptic.  Conse- 
quently we  see  them  at  a  great  variety  of  angles.  When 
their  plane  passes  through  the  earth  tliey  appear  as  a  very 
fine  line;  but  when  the  inclination  is  high,  Saturn  and  iu 
ring  system  present,  through  a  good  telescope,  a  sight  which 
can  never  be  forgotten. 

The  dimensions  of  Saturn  and  the  ring  system  are,  accorH- 
ing  to  the  measui-es  of  Barnard : 


Equatorial  rBiliuso!  tlie  planet m2V\taSn 

From  ciiuter  of  plniiel.  lo  inner  edge  of  cr&pe  ring      .        ,  44.10(1  mil** 

From  center  of  planet  to  inner  edge  of  inner  bright  ring    .  55,0<Klnul»' 

From  center  of  planet  to  outer  edge  of  inner  bright  ring   .  73.0(W  mill* 

n  center  of  pUuet  to  inner  edge  of  out«r  ring      .        .  7S.31I)  miln 

W  of  planet  to  oalet  oA^e  ol  natei  ring      .        .  8«,30U  mih* 


r/lf  I'LAXKTS 


Tfa«  fnllnwinf;  fliafrmm  iitiowg  the  equatorial  oection  of  thai 
jtluint  kod  the  ringx  U>  hcuIu. 


•"Ni  this  acaie  thu  thickneM  of  the  rings  would  be  ubttat  ■^^ff 
of  An  ittch,  while  the  dist«ncv  tu  the  nintli  iuittdlit«  would  \ 
nter  righl  fret. 

ML   CoMdtntiaa  of  Saturn's  Rlncs.  —  The  bright   ring) 
^v«  tl»e  jainir  a  I 'pea  rail  ri'  of  MiltdJt}'  and  cniitinuil.T  n»  tbi 
pUn«4  itivlf.    Il  wan  ^ntrnlly  t>elieved  until  aUtut  oav  I 
«ln>d  Tran  Agtt  lluit  they  wvre  wilid  or  ftutd.    Vet  i(iiM.-«  ITU 
vhra  J.  Caaiiinl  Unit  mt'ntiouctl  tho  {HMwiiiilitr.  it  hna  fre 
<|a0iUrbc«a  Bng^^t^  that  thi?  rin^  nitty  1h.-  nimplyawamwl 
of  fnet«cic«,  or  exowdinglr  uinuli-  futcllitcii,  rvvolviug  around  I 
thf  plaovt  i»  the  plaiiv  of  its  equator.     Siirh  Nuall  bodies" 
wxiM  exvrt  only   iwi^Iifjihlo  (fravilatlonal   iuBu«tiL'««  u|Kvn 
«•#  SDotlwir.  and  th(*ir  orhitti  would  bv  M^iii^hly  iiidc|wnd«nt 
of  ooe  aaotb4>r  vic«]>t  for  cnlUMonit. 

The  mpt«oric  llteort-  was  first  remlflrwl  prottah\e  l>«}  Vm^vka^ 
«  bo  abowed  that  a  nolid  syinnifitrical  ring  vrouVi  Xte  Oh.'^wuxiMr 


L 


848  INTRODUCTION   TO   ASTRONOMV 

ally  unstable.  Tliat  ie,  the  solid  rings  would  be  something 
like  spans  of  enormous  bridges^  and  they  would  h»ve  to  be 
composed  of  inconceivably  strong  materiiil  to  withstand  ihe 
strains  due  to  their  motion  and  the  giavitative  forces  tii 
which  they  are  subject.  In  1857  Clerk-Maxwell  showed  from 
dynamical  considerations  that  the  rings  could  be  neither  solid 
nor  fluid,  and  that  they  were  therefore  meteoric.  Now,  if 
they  are  meteoric,  those  parts  which  are  nearest  the  planel 
will  move  fastest,  just  as  tliose  planets  which  are  nearest  tlie 
sun  move  fastest,  while  if  they  were  solid  the  opposite  would 
be  the  ease.  In  1895  Keeler  showed  by  line-of-sight  observa- 
tions with  the  spectroscope  that  the  inner  parts  not  only  move 
fastest,  but  that  all  parts  move  precisely  as  though  they  were 
made  up  of  totally  disconnected  parts.  (The  innermost  pa^ 
tides  of  the  crape  ring  perform  a  revolution  in  about  five 
hours.)  Hence  it  may  be  coniiidered  as  firmly  estabUsbed 
that  the  rings  are  swarms  of  meteors. 

The  rings  are  strange  substitutes  for  satellites;  still  a 
probable  explanation  of  the  condition  is  known.  A  planet 
exerts  tidal  strains  upon  satellites  in  its  vicinity,  and  tlieiie 
tendencies  to  rupture  increase  very  rapidly  as  the  distuiico 
of  the  satellite  decreases.  In  1848  Roche  proved  that  thtse 
tidal  forces  would  break  up  a  fluid  satellite  of  the  s»tne 
density  as  the  planet  if  its  distance  were  less  than  2.44.- 
radii  of  the  planet.  The  limit  would  be  less  for  denser 
satellites,  and  a  little  less  for  solid  satellites,  but  not  much 
less  if  they  were  of  large  dimensions.  It  is  seen  from 
the  numbers  given  above,  or  Fig.  13G.  that  the  rings  af' 
within  this  limit.  It  is  not  supposed  that  they  are  the 
pulverized  remains  of  satellites  that  ever  did  actually  exist, 
but  rather  that  the  material  of  which  they  are  composed  in 
subjected  to  such  forces  that  it  can  never  aggregate  itteU 
into  a  satellite  under  its  own  gravitative  action. 

One  more  intcrtsting  thing  remains  to  be  mentioned.  H 
ii  /nrfiiT  '--.-"    ■  '■   '■■.■vo\vt  u\  VW  \-Acant  space  between  tliB 
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ringa  known  m  CttMint*)*  divimiMi,  iu  period  woulil  be  Denrly 
Roaimriwuntble  with  thinMi  of  four  of  tliu  aatoUites.  Kirk- 
wikmI  fallLHl  atlvntiut)  to  tliU  roUtiun,  wliioh  in  entirely 
uultigoiu  lu  that  founil  in  Uie  caxe  of  tlie  planetoids, 
Art.  241. 

S8S-  MarUogs  and  Rotation  of  Satora.  —  l*hv  markinf^  on 
8«turn  lire  much  likv  tlioisc  on  JupiUir.  lliough  of  cuur««  they 
are  nut  teva  neurly  so  well  beoaii«e  the  planet  i»  about  twiee 
««  far  from  ua.  There  is  a  hri^fht  equatorial  belt,  and  there 
are  many  darker  eonva  in  the  higher  latitudu«.  The  jiolar 
ragiotia  are  darker  titan  any  other  parts  of  the  planet.  It  ia 
ratber  ilifKunlt  tu  fiud  spots  uoiiapicuuas  and  lasting  enough 
to  enable  oliAerven  to  determiue  the  [wrioil  of  Saturn's  rota- 
liiKi.  From  obttervationM  made  in  171^  Ilertichel  eoncliided 
Uul  the  period  ht  10  hr.  l<Jui. ;  Hall'ianberrvutiousof  nbright 
eqaatorial  •}><>(  in  IH'tG  gitvv  tlie  i>erii>il  of  thia  oijot  no  10  hr. 
14  m.  This  was  generally  adopted  as  the  |>eriod  of  Sutiinrs 
ttitation,  partieularly  aftur  it  hud  been  vuriliud  by  a  number 
of  other  obaervera.  In  190^  Barnard  discovcn>d  some  bright 
aput«  in  liigh  northern  latitudes.  The  work  of  many  uli«erv- 
en  on  theae  sjHria  showeil  that  they  jiaaaed  amnnd  Saturn 
in  about  10  hr.  HS  in.  Thin  difTt-rence  in  pcrioil  meana  that 
there  ia  a  reUtirr  drift  between  the  equatorial  lielt  and  the 
highrr  laliludiw  of  800  ii.  dOO  niiW  |«r  litmr. 

to.    Physical    Coadltloa    of     Satora.  —  The    density    of 

urn   id  al»aiit  0.72  on  the  water  slaiidani;  ennaetjuently 

Luo-M  Iw  largely  in  u  vuporouH  oonilition,  for  it  is  so  light 

tliat  it  would  fliMl  on  water.     I'mbulily  no  i-onsJderable  por- 

tiou  of  it  is  purely  giiM-ous.     It  seems  more  likely,  especially 

bacaose  of  ila  Wing  oimijuv.  tluit  the  gasea  arc  filled  with 

^Upfaiale  licjuid  particles  ju»t  aa  our  air  beeoiuc*  charged  with 

^bbiuto  gU>bul»  of  water,  forming  i-lowls. 

^r  The  remarkable  rvlaljre  motions  in  the  Hurfai-e  of  Saturn 
ihow  that  it  must  lie  in  a  fluid  eunditinn.  Ihiubtlesa  \\.  ''m. 
a  world  whuso  vvolaUoa  u  not  yet  iuf&cteu\.\'^  «A,'«u»»A\a 
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give  it  any  permanent  markings.  mucU  less  to  (it  it  as  a  plao* 
in  any  way  suitable  for  organic  existence. 

284.  The  Seasons  of  Saturn.  —  The  plane  of  Saturn's 
equator  is  ineliued  nearly  27°  to  that  of  its  orbit,  and 
besides  its  orbit  is  rather  more  eccentric  than  the  orbita 
of  the  other  large  planets.  For  these  reasons  the  seasonal 
changes  would  be  marked.  However,  Saturn  is  so  remote 
from  the  sun  that  it  receives  only  ^  as  much  light  and  heat 
per  unit  area  from  this  great  luminary  as  the  earth  does- 
It  follows  that  its  condition  depends  more  upon  its  ioteriul 
energies  and  less  on  the  light  and  heat  received  from  the  Htn 
than  is  the  case  with  the  planets  thus  far  coiisidered. 

UltANUS   AND   NEPTl'NE 

285.  Discovery  of  Uranus  and  Neptune.  —  Uranus  was  dis- 
covered by  Herschel  in  1781,  while  he  was  carrying  out  his 
program  of  examining  every  object  in  the  heavens  within 
reach  of  his  telescope.  It  is  a  faint  object  of  the  sixth 
magnitude,  and  the  fact  that  Herschel  recognized  that  it 
was  not  a  star  by  the  minute  disk  it  presented  is  ample 
evidence  of  his  keenness  of  sight  aud  of  his  mental  alertness. 
His  discovery  of  a  woilcl,  the  first  in  historical  times,  at  once 
won  for  him  royal  favors  and  made  hitn  the  most  celebrated 
observer  of  his  time.  It  was  found  later  that  Uranus  bad 
been  observed  several  times  before,  but  always  as  a  star. 

The  discovery  of  Neptune  was  a  matter  of  great  saieOr 
tifio  and  popular  interest.  It  was  found  by  1820  tliat  Unniu 
was  not  following  exactly  its  computed  path.  It  must  not 
be  supposed  that  the  deviation  witich  gave  the  astronomers 
BO  much  unrest  was  very  great.  By  1840  the  apparenl 
departure  of  the  planet  from  its  theoretical  position  wm 
lees  than  two-thirils  the  apparent  distance  between  the  two 
components  of  Kpsilon  Lyra;  ('.\rt.  47).  About  1830  Ikssel 
}ed  the  Dpio'ion  tVat  tAia  Ax^ac^e^ancy  between  theory 
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0  to  an  utilcQou'a  jilnnet  marc  remote 
UnnuH.     Sliortly  after  1^0  Ailamn,  of 

,  Biid  I^verrier,  of  ['aritt,  iiidoptmdently 

took  op  tlw  problem  of  finding  the  [MMition  of  tlio  uiikui>wn 
body  fnnn  the  pvrturbaliunit  it  hiul  produrud  iti  the  motion 
of  L'rmniu.  The  itivcstigntioii  rc<|iiin?d  rur«  niitthi-matical 
talenta  ami  ws  of  the  most  Uborioua  charuclvr.  Adaina 
finwbed  bu  work  first  and  communicnt^d  it  to  the  Adtrono- 
mer  Roj'&t.  who,  to  aay  the  l<iu)t,  di<l  not  take  a  very  lively 
intervst  in  tfa«  niutcr,  mid  allowed  the  )tean>h  ta  be  jioHt- 
poacd.  Lorsrrier  sent  hi«  re»ul(«,  which  agreinl  nearly  with 
thcMe  of  Aduiu,  to  th«  (ierman  iwtrononior  (tallr,  who  found 
the  new  planet  the  lirst  evi-niii);  hu  tookod  for  it,  September 
A  1H4«.  Notwithjitandiiig  the  fni^t  that  both  Adams  and 
I^rerrier  made  aaaumptiimH  resjioctin^  the  diatanoe  of  (lie 
anknown  body  which  were  afterward  found  to  be  in  error, 
tbeir  work  Bt«nd«  aa  a  mcmutuent  to  Uie  jtcrfectirtii  of  the 
theory  of  the  motions  of  the  heavenly  iKxUes. 

Mt.  The  SftttlUte  Systems  gf  Uranus  and  Nepton*.  — 
L'nuins  baa  four  known  s»tvllit<^^  two  of  which  were  dis- 
eovered  by  William  Ileniclkel  in  ITl^T,  and  the  other  two  by 
IasmI)  in  1851.  'l*heir  dinlaiicea  are  re8)>ectively  l'iO,000, 
107.000,  27:t.0O0,  and  3i>5.000  ntilea,  and  their  periixU  an 
respecUvely  2.5  da.,  4.1  da.,  8.7  dn^  and  l-S-.^da..  and  tlietr 
diiunetera  probably  lictween  500  and  1000  miles.  They  all 
nore  sensibly  in  the  same  plane,  which  is  inclined  about  9ir 
to  the  plane  of  the  plaiiel*^  orbit  ;  tliat  la.  if  the  plune  of 
tbtir  orbits  is  thought  of  aa  having  Iwen  turned  up  from 
that  of  the  plaiiet'fl  urUit,  the  rututitm  ha*  bern  i-ontinued  8* 
perpeodicuUritr.  and  the  Mtelhles  revolve  in  tbe 
*B  direction. 
Hune  baa  one  known  satellite,  which  was  discovered  by 
lell  in  l$4tl.  It  re%-olvefl  at  a  diatanoe  of  221.500  mile* 
!•  period  of  5  da.  21  hr..  and  iu  diameter  ia  probablf  about 
Tbft  pUo*  of  iu  orbit  U  ini!iV^n«&  i&«nx  ^^^ 
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to  that  of  the  planet's  .orbit ;  that  is,  the  inclination  between 
the  two  planes  is  about  35*"  and  the  satellite  revolves  in  the 
retrograde  direction. 


oRBfT  Oriu 


OfJATEt^^, 


Fir..  l.>7.  —  Scale  Diaj^ram  of  the  Satellite  Systems  of  Uranus  and  Neptnne. 


287.  Atmospheres  and  Albedoes  of  Uranus  and  Neptune.— 

Very  litlle  is  known  directly  respecting  the  atmospheres  of 
Uranus  and  Neptune.  From  the  great  gravitative  power  of 
such  lar<^a^  i)()dies  extensive  atmospheres  are  to  be  expected. 
As  con lir mate )ry  of  this  general  view  the  spectroscope  shows 
tliat  the  light  which  we  receive  from  them  has  passed  through 
some  extensive  absorbing  medium  besides  the  sun's  atinos- 
j)hen^  and  that  of  the  eartli.  The  absorbing  effects  of  the 
(dement  liydrogen  are  shown  in  the  spectra  of  both  planets, 
l)ut,  according  to  the  recent  results  obtained  by  Slipher, 
monj  strongly  in  the  case  of  Neptune  than  in  that  of 
Tranus.  Some  of  tlie  other  absorption  bands  are  due  to 
unknown  snl)stanci^s,  among  them  one  which  is  found  in  the 
spectra  of  very  red  stars. 

Tlie  albedo  of  I'ranns  is  0.00  and  that  of  Neptune  0.52. 

288.  Surface  Markings  and  Rotations  of  Uranus  and  Nep- 
tune. —  Surface  markings  have  been  seen  on  Uranus  by 
many  observers,  as    Buffham,  Young,  the    Henry  brothen}. 

Perrotin,  Holden,  and  KeeiVei,  W\.  \Xv^^  w»  so  indefinite  and 
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•  that  it  bu  not  ti««n   [xntsiblu  to  draw  any  certain 
■  from  tJivm.    NevurtlieluM,  so  far  an  tlioy  go,  this/ 
ate  that  tliQ  periiHl    iif  rotutioD    ia    10    or    12    huurs,  J 
aiul  t)uit  tlie  pliine  uf  tht>  equator  in  inclined  ftometliinf;  likfl.j 
10*  to  SO"  tj)  lb«  jilHiie  of  tU  orhitM  of  the  MitellileH.     fnj 
18M  lUnuinl  tiot«i^t«d  u  slight  llnitcniiig  of  t])«  disk,  wil 
tito  •qtntoml  diamvter  inclined  2^'  to  tho  pluut;  of  the  orbiti 
of  Um  mtalUtce. 

It  nurkinga  hare  been  aeen  on  Neptanc  and  con* 
I  rate  of  rotation  ban  not  lieen  found  by  ilirei-t 
iBt  by  indirect  proceMUM  Iwrtli  the  jxMiiion  of  the 
e  equator  and  llio  rai«  of  rotation  liave  been  fotiml, 
at  Iraat  ap|in>xiin)iti.'ly.  Tho  diiiimiftionH  and  mawi  of  Xl'|i- 
tooe  an:  known  witli  considcrablir  acciirai-y.  Now,  if  the  ; 
lie  of  rtitutioii  wvre  known,  the  uquatorial  ImlginK  n>uld 
■Bputed.  Sup|>oM-  thtf  pUnc  of  the  orbit  of  thv  aatcllitc 
bv  inclinvd  to  that  of  thK  plaiiet'o  equator.  Then 
■Uorial  bulge  would  jierturb  the  motion  of  tlie  mtellite  t 
■particular,  it  would  caiue  a  rvvolution  of  it«  nu<les,  and 
m  ntc  oould  bo  c-oni|iut«d. 

Kb*  problem  is  about  the  voDvenw  of  that  which  boa  jOHt 
■■  doacribed.  The  uodos  revolve,  and  the  manuer  of  their 
Btf*-  ahowa  the  existence  of  a  certain  (equatorial  bulge  in- 
■•d  about  21)*  to  tlie  plane  of  the  aatdlitti's  orlnt.  The 
■ring,  or  plli|»lioity,  ia  ^,  indicating,  according  to  tti«  work  J 
niMcnind  and  Newcomh,  a  ntther  alow  rotation  m  cum-  I 
■cd  1(1  Jupiter  and  Saturn.  ^^ 

■M'  PfaT«ical  Condition  of  Urantis  and  Ifeptnoe.  —  We  caa^^ 
n  inftrr  tW  ph,VHi*.-al  condition  uf  L'ranua  aud  Neptuti«^| 
■B  that  of  other  pUtiu'td  wliich  nrv  rnnrv  favorably  iuluat«<I^| 
■  oboerratirni.  Iliey  nrv  pmtubly  inuih  iu  the  vtate  ut^| 
bter  attd  Saturn,  though  jxivwibly  somewluit  further  ad-  fl 
■wd  to  tbeir  Qvolutiun  Un-hium  ijf  thvir  smaller  diniontauna.  ^ 
Bm  thing  to  be  noliceil  is  tluit  they  receive  ver^'  U»3>ia 
l|  from  tin  Bun.     Tlie  uiiHitinta  i>eT  una  m«»  vro  i^ifimX 
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j^j  and  jjg  that  received  by  the  earth.  If  their  capacity 
for  absorbing  mid  retaining  heat  were  the  same  as  that  of 
the  earth,  their  theoretical  temperatures  (Art.  270)  would 
he  about  —  830°  and  —  360°  Fahrenheit.  Nevertheless,  it 
must  not  be  imagined  that  even  Neptune  would  receive  only 
feeble  illumination.  Altliough,  as  seen  from  that  vast  dis- 
tance, the  sun  would  subtend  a  smaller  angle  than  Venus  does 
to  us  when  nearest  the  earth,  the  noonday  illumination  would 
be  equal  to  700  times  our  brightest  moonlight. 


QUESTIOHS 

1.  Does  the  earlh  have  ]>liafies  as  seen  from  Herouiy  and  Veniu? 

2.  If  the  inferior  planets  revolved  around  poiols  between  the  eaith 
and  sun,  what  would  be  their  phase  changes  aa  seen  froiu  the  earthT 

3.  Do  the  superior  planets  have  any  phase  changes  at  all? 

4.  Suppose  Phobos  and  Deimos  are  in  coojnnotioD.  How  manv 
Wura  before  they  will  be  in  conjuoction  ^ainV 

5.  If  the  diameter  of  Phobos  is  7  miles,  what  is  its  Angular  diameWr 
as  senn  from  Kfars,  when  it  is  on  tlie  observer's  meridian? 

6.  1b  Fliobos  eclipsed  every  syitodic  revolution? 

7.  As  seen  from  Mara,  is  the  sun  ever  totally  eclipsed  by  Phobos? 

8.  Suppose  the  sun  mid  Deimos  rise  \a  the  east  and  Pfaoboa  in  Ui^ 
west  at  the  same  time ;  describe  the  pha^e  changes  of  Phobos  and  Deuiica 
until  they  set  in  tiie  east  and  west  respectively. 

0.  Which  of  Jupiter's  satellites  is  most  like  the  moou  in  mean  dis- 
tance and  nizef    Why  is  its  period  so  much  shorter  than  tliat  of  Uie 

10.  Compute  the  periods  of  Jupiter'a  satellites  from  meridian  p<asa£'> 
to  meridian  passage  again. 

11.  Compute  the  apparent  angular  diameters  of  Jupiter's  satellites  M 
seen  from  the  planet's  equator  when  they  are  on  tlie  obgerver's  DiCTidian. 

12.  From  Kepler's  third  law  (Art.  138)  compute  the  periodsofreroiu- 
tion  at  tile  edges  of  Saturn's  rings.  Compare  the  time  of  rerolotiOD  of 
the  innennost  particle  with  that  of  the  planet's  rotation. 

l.t,   Are  the  rings  of  Saturn  visible  from  all  latitudes  on  the  planet? 

14.  On  the  basis  of  Stefan's  law  of  radiation,  and  on  the  aamtnptkin 

that  their  absorption  and  radiatloo  of  energy  received  from  the  ana  ik 

'    '  e  earth,  coniput«  the  theoretical  mean  temperatuiSB  of  all 

f  For  relative  avcvowvAa  (A  \w».4.  raceived,  see  Art.  287.J 


CHAPTER  xrir 

COMETS  AND  METEORS 

290.  Comets  and  Meteors.  —  Tlie  planets  are  cbaracterized 
by  the  invariability  of  their  form  and  general  physical  coii- 
ditioii,  the  simplicity  of  their  motions,  and  tlieir  general 
similaritjc  to  one  another.  In  strong  contrast  to  these  stable 
bodies  are  the  comets,  whose  bizarre  api>earance,  complex 
motions,  and  temporary  viaibility  have  led  astronomers  to 
devote,  perhaps,  relatively  more  time  to  them  than'  they 
deserve.  Most  comets  are  visible  only  through  a  telescope, 
but  a  few  times  in  a  century  the  sky  is  visited  by  one  of 
truly  startling  appearance,  lentil  the  last  two  centuries 
they  were  objects  of  superstitious  terror,  and  were  suppnse«l 
to  portend  calamities.  With  rather  elastic  limits  as  to  when 
and  where  the  disasters  should  come,  and  history  filled  with 
accounts  of  deeds  of  violence,  it  was  easy  to  prove  that 
comets  were  followed  by  misfortunes,  if  not  the  converse. 

Meteors  are  wandering  bits  of  matter  which  become  vis- 
ible only  when  they  encounter  the  earth's  atmosphere.  As 
they  originate  partly,  at  least,  from  disintegrated  comets, 
they  are  appropriately  discus.'jed  in  this  chapter. 

391.  The  General  Appearance  of  Comets.  —  The  typical 
comet  is  a  body  composed  of  a  head,  a  brighter  nucleus  within 
the  head,  and  a  tall^  streaming  out  in  the  direction  oppoait« 
to  the  sun.  The  apparent  size  of  the  head,  or  coma,  may  be 
anywhere  from  almost  starlike  smallness  to  the  angular 
dimensions  of  the  moon :  the  nucleus  is  usually  very  small 
and  bright,  while  the  tail  may  stretch  away  many  degrees 
before  it  gradually  fades  out  into  the  darkness  of  the  sky. 
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tances  something  like  that  of  ttie  sun.  In  ancient  times  they 
were  generally  uupiiusud  to  be  pbenomeua  of  the  earth's 
atmosphere  at  great  altitudes. 

When  the  distauees  of  the  comets  and  their  apparent 
dimensions  are  known,  their  actual  dimensions  can  be  com- 
puted. It  is  found  that  the  head  of  a  comet  may  have  auy 
diameter  from  10,000  miles  up  to  over  1,000.000  miles.  The 
most  remarkable  thing  about  the  head  is  that  it  nearly  always 
contracts  us  the  comet  approaches  tlie  sun  and  expands  aguin 
when  it  recedes.  The  variation  in  volume  is  very  great,  tlie 
ratio  of  largest  to  smallest  dimensions  sometimes  being  as 
great  as  100,000  to  1.  The  only  attempted  explanation  is 
that  of  John  Herschel,  who  suggested  that  the  contraction 
may  be  only  apparent  owing  to  the  outer  layers  becoming 
transparent.  This  not  only  contradicts  appearaucesi  hut 
there  is  nothing  definite  which  supports  it. 

The  nucleus  usually  is  between  the  smallest  that  can  be 
seen,  say  100  miles,  and  5000  miles  in  diameter.  For  exam- 
ple, at  one  time  William  Herschel  observed  the  great  comei 
of  1811  when  its  head  was  more  than  600.000  miles  in  diame- 
ter, while  its  nucleus  measured  only  428  miles  across.  The 
nuclei  vary  in  size  during  the  motion  of  the  comets,  biit 
quite  irregularly,  and  no  law  of  variation  has  been  discovered. 

The  taUa  of  comets  are  inconceivably  voluminous.  Their 
diameters  are  counted  by  thousands  or  tens  of  thousands  nf 
miles  at  their  heads,  and  by  tens  of  thousands  or  hundreds 
of  thousands  of  miles  at  tbeir  visible  extremities.  Their 
lengths  are  from  a  few  millions  of  miles  up  to  more  thau 
100,000,000  of  miles.  The  strangest  thing  about  them  is 
tliat  they  point  almost  directly  away  from  the  sun  whichever 
way  the  comet  may  be  going.  Moreover,  the  tails  develop 
as  the  comets  approach  the  sun,  and  diminish  in  siie  ind 
splendor  as  they  recede  from  it, 

293.  Masses  of  Comets-  —  Comets  give  visible  evidence 
of  remarkable  tuuuiLy,  but  if  their  densities  were  even  one- 
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axes  are  short  enough  to  insure  their  return  to  the  vicinity 
of  the  sun.  The  remainder  move  in  exceedingly  elongated 
orbits,  and  the  character  of  their  motion  is  less  certain.  The 
hyperbolic  orbits  so  far  found  are  all  very  near  the  parabolic 
limit,  and  it  may  be  that  the  computed  deviations  from  it  in 
this  direction  are  all  due  to  small  errors  of  observation.  The 
possibility  of  this  suggestion  will  be  accepted  when  it  is 
remembered  that  a  comet  can  be  observed  only  while  it  is 
about  as  near  the  sun  as  the  earth  is,  and  while  it  traverses 
an  insignificant  part  of  its  entire  orbit.     In  addition,  the 


Fio.  140.  — Showinc:  the  Slij^ht  Differences  in  Emptic,  Parabolic,  and  Hyperbolic 
Orbit.i  ill  the  Observed  Portions  of  Gometary  Orbits. 

generally  diffuse  character  of  a  comet  makes  it  very  difficult 
to  locate  exactly  the  position  of  its  center  of  gravity.  The 
problem  is  somethin*:^  like  that  of  attempting  to  construct 
ac(Mirately,  by  rule  and  compass,  a  circle  a  foot  in  diameter 
having  given  three  dots  on  it  one-hundredth  of  an  inch  in 
diameter  and  one-tenth  of  an  inch  apart. 

The  orbits  of  the  planets  are  nearly  all  in  one  plane ;  on 
the  other  hand  the  planer  ot  the  orbits  of  the  comets  lie  in 
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t  poMtble  direction  nnil  cxliibit  no  tvii(t«ncy  to  panillaU ' 
The  [leriiittlui  nro  UidI ribiittKl  all  around  tfao  sun.  but  J 
r  »  t«nd«no;  to  cliiiili'r  in  the  direction  in  which  the  nun  j 
ij  numng  among  the  Htnra,  that  is.  in  ttie  direction  of  Vegs, 
Thii*  pmnliAT  dUtribation  of  perihelia  may  have  some  con* 
nscttiut  with  the  8un'i(  motion. 

Some  oomi^tM  Iiavp  {icrihelion  [mintH  only  a  few  liundrwl 
tboumiid  milra  from  the  sun  and  actunllr  within  its  corona.   . 
Abnut  £S  c»mi't«  poM  within  the  orbit  of  Mcruury  ;  neartjrl 
tknw  qnarlcn  of  tlioM  which  itavi<  bticn  neen  come   withtn  J 
tbe  orbit  of  the  earth,  and  the  remainder  all  far  within  tbo* 
orbit  uf  Jujiiler.     It  must  be  remeiuliervd  that  this  distribu- 
tiou  refers  only  to  tbcaie  c>omets  which  have  lN>eii  seen.     It  is 
pnciafly  what  would  Iw  oi{H<cte<)  evii-n  if  comets  wen*  equally 
atunrrous   witli  perihelion   distMncot   indefinitely  ffreat.  for 
iher  are  rerr  inconspicuous,  or  entirely  invisible,  from  ths  I 
CBTth  when  their  distance  from  the  suu  is  );reator  than  that  I 
of  Mara.      It   may  well   be  that  a  vast   majority  of  thoaeJ 
which  paaa  aniund  the  sun  fail  to  come  nvar  enough  to  ill 
lo  be  aern  from  ihr  earth. 

MS.  FaatUlta  «f  Comcta.  —  Notwithstanding  the  great  dU  I 
v»nntinB  in  the  orbits  of  the  comot«,  them  are  a  few  groups  .1 
vbnae  membvrs  awm  to  have  some  intimate  relation  to  i 
anothKr.  or  lu  the  planets.  There  are  two  types  of  th< 
ymopa,  and  they  are  known  as  eomtt  famtlUt. 

Families  of  the  first  tyjie  are  made  up  of  oomet**  which  I 
pttrvuv  nsoriy  identical  {Kiths.     The  moat  celebrated  family  J 
«f  thk  typB  Is  ooanposeil  of  the  grrut  <^metM  of  1668.  1S4S,  ] 
18M^  Mid  188S.     A  much  smaller  one  seen  in  IS87  probably 
■boukl  be  added  to  this  list.    Their  orbits  were  not  only 
■■•liy  ideftlical,  btil  the  comets  ihemselves  were  very  simiUr 
ia  ererj  raqtect.     They  <ranie  to  the  sun  from  the  direction 
tl  Sirioa  —  that  is,  fn»m  the  dJrwtiim  /nm  which  the  sun  is 
^baiag  with  respect  Ui  the  stara  —  and  escjipe<l  the  n<A\c«  ^A 
^Hhrrcn  ia  the  aortberu  bemispliere  uu\.\\  ^"j  -wvltv  \Mm 
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perihelion.  They  passed  lialf-way  around  the  Btin  in  a  few 
hours  at  a  distance  of  100,000  or  200,000  miles,  moving  at 
the  velocity  of  nearly  400  miles  per  second.  Their  tails 
extended  100,000,000  milea  in  dazzling  splendor. 

One  might  think  that  the  various  members  of   a  oomet 


t 


—  Jupiter's  Family  ol  Comets. 
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family  are  but  the  successive  appeanLnces  of  the  same 
oomet;  but  such  is  not  the  case,  for  the  observations  ehuw 
that,  thongli  their  orbits  may  be  ellipses,  their  periods  are 
600  or  800  years.  Tliis  means  that  they  recede  to  some- 
thing like  five  times  the  distmice  of  Neptune  from  the  sun. 
The  most  plausible  theory  seems  to  he  that  they  are  tbc 
separate  parts  of  a  great  comet  vj^vxuV  in.  an  earlier  visit  l" 
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broken  up  by  un  encounter  with  the  solnr  ntinns- 
[or  hy  tidal  ditturbMiceii. 

iQiea  of  the  second  type  arc  made  up  of  comvU  wlioae 
bave  their  aphelion  points  and  their  at>dG8  near  the 
f>f  the  pUncU.  About  30  have  their  aphelia  near 
irV  orbit,  and  are  known  ait  Jupiter's  family  of  oometa. 
ovbita  ar«,  of  counte,  nil  elhpU<.%  nml  llieir  ptTUHls  nre 
I  to  8  yew*.  They  ruvolve  around  the  nun  in  the 
KRctinn  as  the  pUoeta  do.  Half  of  them  have  been 
ft  two  or  more  perihelion  pasaageo.  Thenc  ooinelH  are 
pwpiouous  obje«t«  and  entirely  ipvisible  to  us  except 
tfwjr  an  near  the  earth. 

Im  has  a  eomct  family  of  3,  UniauA  a  family  of  3, 
iqitune  a  family  of  (I  members.  The  tt-rrestnal  planota 
comet  families.  Therv  are  Hr>mG  comets  whose 
oQt  twice  the  distance  of   Neptune  from  the 

\f(,  poMtlbly,  the  existence  of  a  jtlanet  at  this 

»(ArL2&4). 

.  The  Captor*  Tbaery.  —  We  are  confronted  with  the 
faig  facta:  A  very  gn-at  majority  of  Cfimttta  move  in 
Ij  parabolic  orbits.  Nearly  all  of  the  strongly  elliptic 
near  the  plane  of  the  planetary  orbits,  and  hare 
ir  the  pUiiclary  orbits.  TbeHe  facts  HU);i;est 
which  move  in  elliptic  orbits  probublr  have 
chai)|{«d  from  |Mrabo1as  to  ellipses  by  the 
of  the  planet  with  which  they  arc  associated, 
been  worked  out  mathematically,  first  by 
rM^ntly  by  H.  A.  Xrwton,  and  it  tuts  been 
lit  if  a  comet  paases  cloa«ly  in  fmnt  of  a  pianist  ita 
rill  be  retarded  so  that  it  will  sulise(|uently  move 
ptic  orbit,  at  least  until  dinturlted  in  the  opposite 
Then  the  comet  i"  «td  to  he  "cajiturcd."  It 
eoutse  of  lime,  \m»  near  the  plancl  agiiin  when 
Bwy  be  still  further  rcducvd,  or  it  may  be  dri*t«tx 
on  a  pwabola  or  hypetbo\a. 
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It  ia  a  generally  aecei  theory  that  the  inembers  of  the 
coiuet  families  of  the  vi  outi  planets  have  been  captured. 
Jupiter  hEis  a  larger  faraii,'  tliau  any  other  planet  because  of 
its  greater  mass,  and  also  becftise  if  a  comet  has  been  cap- 
tured originally  by  any  p''  .  farther  from  the  sun,  it  is 
likely  to  have  its  orbit  stii  rther  reduced  by  Jupiter.  On 
the  other  haftd  when  Jupiter  has  once  reduced  the  orbit  of  a 
comet  80  that  it  is  a  memb  r  of  the  Jupiter  family,  it  is  re- 
moved from  danger  of  ijn|/ortant  perturbations  by  planets 
which  are  more  remote  from  the  sun. 

The  terrestrial  planets  hav^  no  comet  families  because  their 
masses  are  small  compared  .o  that  of  the  sun,  and  because 
comets  cross  their  orbits  with  great  speed, 

The  mass  of  Jupiter  is  not  great  enough  to  reduce  a  para- 
bolic comet  to  a  member  of  its  own  family  at  one  disturbance. 
The  theory  has  been  illustrated  by  Brooks's  comet,  1889-V, 
whose  period,  according  to  the  investigations  of  Chandler, 
was  reduced  by  Jupiter  in  188B  from  27  years  to  7  years. 
Lexell's  comet  of  1770  furnishes  an  example  of  a  disturbance 
of  the  opposite  character.  In  1770  it  was  moving  in  au 
elliptical  orbit  with  a  period  of  5J  years,  but  in  1779  it 
approaclied  near  to  Jupiter,  its  orbit  was  enlarged,  and  it 
has  never  been  seen  again, 

297.  The  Origin  of  Comets.  —  The  similarities  of  the  mo- 
tions of  the  planets  point  to  a  conmon  origin,  and  the  direc- 
tion of  the  rotation  of  the  sun  indicates  that  they  have  been 
associated  with  it  throughout  thei"  evolution.  Reasoning  on 
this  basis  the  comets  do  not  belong  to  the  planetary  fnmily, 
and  they  probably  have  had  quite  a  different  origin.  Since 
their  orbits  are  normally  sensibly  parabolic,  it  follows  that 
they  have  come  to  the  sun  from  regions  at  least  several  times 
OS  remote  as  the  planet  Xeptune. 

One  hypothesis  is  that  comets  are  merely  small  wsndeiing 
bodies  which  pass  from  star  to  star,  visiting  our  sun  but  once. 
The  intervals  of  time  required  for  any  such  excursions  are 
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•^nomtoiiRly  (^CKtor  than  one  i^i  illd  ima^ne  if  he  had  not 
ihi)U);ht  much  about  the  groat  Ir^tancen  to  the  Btars.  For 
example.  HUppoHc  the  gniAl  coniu^of  1882  notunlly  vaini''  from 
tbr  *tAr  Sirias.  This  is  o^'  of  the  noarml  tsUin,  havinj;  a 
IMRilUx  of  0.:W".  Snppfk  "w  comet  moved  HiidiT  the 
attraction  of  Siriuo  until  it  ),  '  half-way  through  it«  lung 
joanif^y.  and  lltat  it  tlinn  mov  d  Mtnitibly  under  the  attrac* 
tson  of  thp  tinn.  IasI  uh  find  htiw  long  it  would  take  it  to 
make  thifi  soc(»iil  half  of  the  uistancc.  The  roDilt  will  not 
br  ipQch  in  error  if  wu  Hiippoie  that  the  comet  caroe  in  oti 
an  elongated  ellipw  whose  aphelion  was  half-way  to  Siriua. 
Knifn  U)i-  parallax  given  above,  it  followa  that  the  aphelion 
INiint  would  he  2T0,I>0(>  time*  hg  far  away  an  the  sun  in  from 
the  earth.  From  Keplsr'a  Uamionio  law  (Art.  1S8>.  it  ia 
found  that  it  would  Uke  tho  comet  70,000,1)00  y«;nni  to 
dvMKribe  this  part  of  its  orbit.  It  would  take  about  twicu 
tbis  time  for  it  to  eomo  from  Siriua,  and  eight  times  tliia 
immetiM!  interval  to  cume  from  a  star  four  times  as  far  away : 
and  but  few  stan  am  known  to  be  within  this  distance. 

Tito  figure*  which  have  been  given  do  not  disprove  tlw 
theory  that  the  cometa  wander  from  atar  to  star,  but  they 
aiiBply  siuiw  that  if  this  hypothesis  is  true  wmets  siwnd 
Boat  of  their  time  traveling  and  but  little  viMiting.  The 
wmme  remarks  would  apply  to  another  Iiyixrthesis,  vii^  that 
^Niteta  are  material  ejw^M  by  tho  stars  in  the  violent  L-on- 
valaioQs  which  their  enormous  temjteratures  indacv.  It  will 
be  eeen  CArt.  Sltti)  tluit  tliere  are  certain  solar  jthenomena 
whii*h  lend  some  sup)H)rt  to  tliis  explanation. 

The  strongBtt  objvoliou  to  thoau  hypothcaea  is  the  fact  that 
wr  are  not  yet  ceruin  that  coukIb  ever  move  in  hyper- 
bolic orbits.  A  oomet  would  not  pass  around  the  sun  in  a 
gauabola  nnlen  it  hod  no  motion  r«lativc  to  tho  nun  vrlten 
it  was  at  a  Tory  (inflnttelv)  grvat  distance  from  the  snn. 
I'noaidering  the  fart  that  the  sun  is  in  motiotv  -hvVVa  t^KyeicX 
u  tbv  aUra.  and  that  tbey  move  in  every  ^ioaWL\A«  ^\v«titXan^ 
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it  is  entirely  unreasonable  to  suppose  that  all  the  bodies 
coming  from  the  interstellar  spaces  would  start  with  sensibly 
zero  relative  velocities.  It  should  be  added,  though,  that  but 
few  of  the  hyperbolic  comets  would  pass  so  near  the  sun  that 
they  could  be  observed  from  the  earth. 

A  closely  related  hypothesis  is  that  the  parabolic  comets 
have  in  reality  very  long  elliptic  orbits,  and  that  they  have 
all  been  ejected  from  the  sun.  The  planetary  families  of 
comets  are  supposed  to  have  been  ejected  similarly  from  their 
respective  planets. 

Another  hj-pothesis  is  that  comets  are  the  products  of  the 
far-remote  parts  of  an  original  solar  nebula.  This  explaioK 
why  they  have  such  elongated  orbits  that  they  can  not  be 
distinguished  from  parabolas,  and  why  hyjierbolic  orbits  are 
not  certainly  found.  According  to  this  theory,  as  well  as 
to  that  which  supposes  comets  are  ejections  from  the  sun  or 
planets,  they  should  be  composed  of  familiar  elements.  The 
spectroscope  shows  nearly  always  the  presence  of  hydro- 
carbon compounds,  and  sometimes  sodium  and  iron  when  the 
comet  is  near  tlie  sun.  The  tact  which  throws  most  suspicion 
on  this  theory  is  that  the  comets  show  no  tendency  to  move 
near  tlie  plane  of  the  planetary  orbits.  However,  the  test 
is  not  onicial  and  does  not  disprove  the  theory. 

89S.  Theories  of  Cometa'  Tails. — As  has  been  stat«di 
comets'  tails  usually  project  directly  away  from  the  sun. 
This  suggests  a  repellent  action  on  the  part  of  the  sun.  Il 
was  first  suggested  by  Olbers  as  early  as  1812  that  the  repul- 
sion is  electrical,  due  to  different  electrical  conditions  of  tlie 
sun  and  comets.  This  theory  has  been  developed  in  det«ii 
by  Bredichin  of  Moscow,  and  the  Intensity  of  the  repulsion 
has  been  computed  in  a  number  of  coses  from  the  photo- 
graplis  of  the  tail  at  different  times.  If  the  comet  first  repeU 
the  particles  and  then  the  sun  repels  them  also,  it  wui  be 
shown  that  they  will  stream  out  away  from  the  bud.  Becaiw 
of  the  motion  of  the  comet  t\ie  \a'i.>s'-Ci.\«  slightly  curved  in 
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the  direction  fromwbich  the  comot  has  come.  Now  electri- 
oal  repuUioQ  is  a  iiurface  aoUnti,  while  gravitation  in  a  msM 
(\'o)niiic  for  conxtaut  dHnnity)  action,  ('oiisfqiiently  BiniUI 
malecale*  will  be  n'jielled,  relatively  t«  Ui«ir  iittractioii  hy 
tl>«  trun,  much  more  Htmtigly  tluin  large  mnlccules,  luiil  tlie 
UuU  whioi)  Ute\  |iro(lnc<B  will  be  more  ituarty  straight.  Dreti- 
ichin  supposes  tlit*  long,  straight  lailii  nr«  tiue  to  hydrogen 
gB*,  the  finlinary  c-un-ed  tails  to  hydrocarbon  gaaea,  and  ihe 
•borl,  stabby.aod  mocti  carved  tails,  which  are  Honietiwea  «eeii, 
111  the  vajtor  of  metals.  Sometimes  a  single  comet  will  have 
tcverml  taiia  o(  difTeront  tyftes. 

If  bodi«a  an  to  rejtel  each  other  tJi«y  must  bo  nirailnrly 
dcvtriSml.  When  a  body  is  subject  to  ultra-violet  light, 
neipUiTely  dactrifled  p«rtiol«i  are  givvu  off.  Moreover,  at 
leart  the  hydrogen  in  the  sun's  atmosphere  seems  to  be 
negatively  electrified.  So  we  may  propound  the  following 
planaiUe  theory.  Suppose  a  comet  comes  toward  th^  snn 
from  remote  space  without  an  electrit^l  charge.  The  ullra- 
viitlrt  rays  from  the  aim  will  drive  ufT  ncgativt^ly  charged 
partirlis  which  will  be  reiM-lletl  by  thv  negative  charge  un 
tbe  aun  and  will  fomt  a  tail.  The  repulsion  will  depend 
Qpna  the  size  of  the  particles  and  the  jxitenLial  of  the  sun. 
Tbe  remainder  of  tbe  aimet  will  be  p«it>itively  cluirged  and 
moaequently  will  Iw  electrically  attracted  by  the  HUti.  Itut. 
HiMre  the  (Articles  driven  otT  will  be  only  an  exireedingly 
•mall  (tart  of  the  whole  comet,  this  attraction  will  not  be 
great  enough  sensibly  to  alter  the  comet's  motion. 

Another  tlieory,  which  meriln  careful  attention,  lias  been 
ari^l  by  Arrhenitu.  Acconling  to  Maxwell's  t-luctromag* 
lu-lie  lheor>-.  llKht  eierta  a  pressure  upon  bodies  upon  which 
'  Ulls  pn>|iiirtional  to  the  light  energy  in  a  unit  of  a[«ee. 
>  ir  liudira  of  any  cnnsiduralile  magnitude  the  rrpubuun  is 
t-ry  snail,  though  it  ttaa  been  dcte4^>teil  and  niousureil  by 
N'ieb»U  and  Hull.  Hut  for  minute  Imdiea,  n&  Vt  Vetv-^Xv^vk- 
Midth  of  an  iocb  ia  duuoeter,  tho  pteaftura  mvj    vi''«»-'^^ 
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exceed  the  sun's  gravitation.     This,  of  course,  depends  apon 
the  iiitensity  of  the  radiation  to  which  it  is  subject.     And 
Hoittller  bodies  are  repelled  reliitirely  still  more  until  their 
diameters  are  as  small  as  a  wave  length  of  light,  say  some- 
thing   like    one    fifty-thousandth    of    an  inch.      Then,    m 
Scliwarzschild  has  shown,  the  pressure  becomes    relatively, 
an  well  as  actually,  leas. 

Arrheniue  supposes  that  the  violent  motions  and  collisions 
in  the  head  of  ;i  rnmet  break  up  the  solid  parts  into  ininuM 
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comets.  There  is  evidence  that  encounters  of  this  sort  occur 
occasionally,  if  not  frequently.  At  least  one  comet  of  Jiipi 
ter's  family  (Encke's)  had  its  motion  retarded  by  some  uii' 
Been  »gent  at  several  appearances,  after  which,  moving  in  n 
different  orbit,  it  did  not  suffer  so  great  a  diHturbance  ;  one 


Fio.  H3.  — Bniok, 


comet  (Biela's)  was  broken  in  two,  or  separated  into  two 
parts,  which  subsequently  traveled  independent  paths  ;  while 
more  recently  photography  has  shown  that  the  tails  of  sev- 
eral comets  have  been  suddenly  broken  up  in  the  most  8ta^ 
tling  manner. 

In  conclusion  we  shall  be  safe  in  believing  that  n  cornel 
may  move  around  the  sun  in  a  parabolic  orbit  without  being 
totally,  or  even  largely,  disintegrated;  but  that  if  a  eomet  i» 
captured  and  becomes  a  '^Tma.nft'cA  \ftaviiber  of  the  ayatein. 
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'  U  only  a  quostioii  of  litno  until  tlii>  niateriiil  of  which 
:<-  tail  t>  coropoaed  will  bo  (entirely  drivon  away,  and  until 
;liu  nroaiiider  will  l>e  no  scattered  that  it  will  bv  iuviitible, 
cxMpt  tmnilily  in  the  faint  illurainatiou  which  in  olinract«r> 
istic  of  the  bUckMt  sky.  Ah  euntirmntor}'  of  this  view  it 
may  be  noted  that  thv  niCDiI>er»  of  Jui>iler's  family  have 
small  UDa,  or  nuoe  at  all ;  that  tliiit  comet  family  ihie*  not 
cootftin  uany  membera  ;  aii<l  lliat  a  namher  of  rtunutu  haw 
totally  diaajipentvtl,  pr«ituniably  by  diitint«f;rratioU. 

300-  HlMsrlcal.  — In  thiHarticIu  some  of  thosocomctn  which 
have  pxhibilc«l  phi-notucna  of  unusual  intvrvnt  will  be  men* 
tiuned.  Thi'  bearing  of  their  peculiaritiea  ujhir  the  mure 
^neral  disciuaiona  which  have  precedeil  will  be  at  onoe 
vridaat. 

CVaMt^lSHO.  —  Thii4  cnmet  i«  worthy  of  notv  aa  bcinf; 
llw  lint  one  wImow  orlrit  wasromputcd  on  grnvitatinnal  prin- 
cipleft,  Niiwton  mad**  th«  ramputation  and  (ouud  that  ita 
period  m  about  ttOO  yeurtt.  It  i»  aloo  nue  of  tlie  family  of 
ctKBeto  meatiuned  iu  Art.  2!l5.  At  ita  periheliou  it  wai*  in 
the  ma'a  corona  and  only  I-IO/WO  miles  from  it«  Kurfuoe.  It 
Bev  aluilg  thia  part  of  ita  orbit  at  tlw  r«t«  of  370  milvs  per 
MWood.     Iu  tail  was  100.1)0(1,000  milm  long. 

(\mft  ^f  1682  (HtlUyt  Comrty  —  Thi.  orbit  of  this  comet 
wwi  eonputtNi  by  Nfwton's  frii-nd  Halley.  Ho  found  that 
tt  waa  almtMt  identiral  with  that  of  the  comets  of  1607  atkd 
L't-ll.  He  came  to  the  cnncluHinn  tliat  th«w  various  eometa 
«iTr  but  difTerviit  ap|M>aranuett  of  the  same  one,  whoae  period 
(•about  7o  yrnrs.  Ttie  rccunU  of  i»mvts  in  lli'it),  1301, 
114,%  and  lOOHcimrirmixl  this  virw.  for  them- dates  diflvr  from 
lftH2  by  nearly  even  multiples  of  To  yuara.  Halley  pn-ilicted 
tliat  tb«  comet  would  mrst  appear  March  13,  17>*t9.  It  rame 
frum  beyond  Neptune's  orbit  and  ]Mu»e4l  its  |ieril»elion  within 
a  BMnth  of  the  time  pr^lictij*!.  This  wa)t  ilu?  first  veriH- 
oUiun  of  such  a  prealjction.  Tlie  comet  apiwarml  again  in 
1816,  when  it  paMed  within  &,000,000  tnttca  ol  vXwb  «K(>>ix. 
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It  had  at  one  time  a  short  tail  projecting  toward  tlie  sun,  & 
luminous  Hector  which,  according  lo  Bessel,  oscillated  bact 
and  forth  in  a  period  of  4.6  dayx.  On  the  23d  of  January. 
1760,  it  was  without  sensible  disk,  but  the  next  day  its  light 
had  increased  twenty-fold,  it  had  a  disk  like  Neptune,  and  the 
nucleus  was  inclosed  in  a  nebulous  sheath.  Ita  next  return 
will  be  in  1910. 

Comet  of  1811. — ^This  comet  was  visible  from  March  26, 
1811,  until  August  17,  1812,  and  was  carefully  observed  by 
William  llerschel.  He  discovereJ  from  the  changes  in  its 
brightness  that  it  shone  partly  by  its  own  light,  which  devel- 
oped rapidly  as  it  approached  the  sun.  Its  tail  was  at  one 
time  100,000,000  miles  long  and  15,000.000  miles  in  diame- 
ter. This  comet  suggested  to  Olbers  tlie  electrical  repulsion 
theory  of  comets'  tails. 

Ettckes  Comet  (1819).  —  This  was  the  first  member  of 
Jupiter's  family  of  comets  which  was  discovered,  and  it  has 
the  shortest  known  period,  3|  years.  It  is  an  inconspicuous 
telescopic  object,  but  is  noted  for  the  fact  that  its  period  was 
shortened,  presumably  by  encountering  .some  resistance,  about 
2J  hours  each  revolution  until  1868;  aiuee  then  the  change 
in  the  period  has  been  only  one-half  as  great.  Its  change 
of  volume  has  been  extraordinary.  On  October  28,  1828,  it 
was  135,000,000  miles  from  the  sun  and  had  a  diameter  of 
312,000  miles  ;  on  December  24,  its  distance  was  50,000.000 
miles  and  its  diameter  was  14.000  miles ;  while  at  lis 
perihelion  passage  on  December  17,  1838,  at  a  distance  o( 
32,000,000  miles,  its  diameter  was  only  3000  miles. 

Biela't  Comet  (1826),  —  This  comet  is  also  a  siuall  member 
of  Jupiter's  family  and  has  a  period  of  about  6.6  years,  ll 
appeared  according  to  i>redictions  in  1846.  On  the  first  of 
December  it  presented  no  unusual  appearance,  by  the  20th  il 
had  become  quite  elongated,  and  by  the  first  of  .Tanuary  it 
had  separated  into  two  parts.  They  traveled  along  parallel 
'    '9  about  160,000  inWea  a^avt.     At  this  time  they  were 
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dergoinf;  ronsidfnbk'  chaiigoi  in  brifjIiUiciw,  usiinlly  itltrr- 

t«)y.  Mtd  somt^timm  tlicy  wcini  coniioctfil  by  h  fiiint  alrt-ain 

f  ligbU     At  tbi'ir  apijcaninca  iu  I8S2  the  two  conipoii<rnl« 

•  1.500,000  tni]c«  ftjuirt,  and  they  have  never  been  iicun 

lin,  althi>u|fh  nt^arvhtil  for  most  c«rf fully, 

Im  fiiro**  Virmri  (_lK4-t).  — ThtKcomot  wno  n  siniill  mvmber 

Japitvr*ii  family,  dnu'ribiiig  il«  orbit   in  6  yc-uni.     It  in 

rthy  tif  cspveial  ntitico  only  bucnuHu  it  never  has  beun  seen 

ftrabaeqiieal  approacheii  to  the  ttun. 

~         ■'*  Comrt  (184(5).  • — This  comet  haa  a  [leriofl  of  5.5 

It  waa  observed  at  four  retums  after  it«  diitcovvry, 

i  lioce  entirely  escaixMl  detection. 

•mai\»  Vomft  f  lWiH>.  —  Tliis  was  one  of   the  fjrralest 

net*  of  the  century.     It  wait  visible  with  the  unaided  eye 

days,    and    tlirough    the    telettcope   for   more    than    U 

mtlu.     lis  tail  aabteiided  an  angle  of  30°  as  seen  from  the 

rth.  and  was  &4,000.000  miles  long.     It»  jteriod  of  revolii- 

I  than  2000  yearn,  and  at  its  aphelion  it  is  5.5 

■  as  fttr  from  the  tun  as  NVptune  la.     Its  motion  is  rutn>- 

lL3VMit/r*«  Cvmrt  (1861 }.  — This  comet  vhm  of  great  dimen- 

\  is  noteworthy  chiefly  becnnsi!    the    earth    passed 

jilts  tail.      As  eould  Iiave  l>cen  Hntifi]inled  from  the 

I  tennity  of  comets'  tails,  the  earth  esjierienced  no 

Seffecls  fmm  lite  encounter. 

fOrvdf  CamtU  of  1880  nn.i  1KS2.  — Thfite  conir^ts  an'  two 

iuImts  of  the  most  renuirksbl<^  family  of  comets  traveling 

I  the  same  orbits.     Both  comets,  ns  well  as  the  earlier  mem- 

■  uf  the  nme  family,  were  remarkable  for  tlieir  vast  dimen- 

I,  their  brilUancie.  and  their  close  approach  to  the  sun. 

cura^   of   1HS2  WHS   otMerveil   both    i>ofon>   and    after 

n  [Nimagc.     Although  it  swept  through  iwvenil  hun- 

1  th'iiisandit  of  miles  of  the  sun's  ronina,  its  orbit  was  not 

aibly  alleivil.     Vet  it  gave  evidence  of  having  Inivn  subject 

\  Titilvnt   disrupting  forces.     After   ^riU«Uou  yoMKigib  'C^. 
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WHS  observed  to  have  ae  many  as  five  nuclei,  while  Bamani 
and  other  observers  saw  in  the  immediate  vicinity  as  many  ns 
six  or  eight  small,  comet-like  masses,  apparently  broken  txtaa 
the  large  body,  traveling  in  orbits  parallel  to  it.  ThejraU 
speedily  became  invisible.  After  perihelion  passage  lllb 
comet  had  a  projection  toward  the  sun  something  likeft 
second  tail.  It  was  observed  by  Barnard  until  it  ^il, 
receded  almost  to  the  orbit  of  Jupiter.  No  other 
has  been  followed  by  observers  to  such  a  remote  -^Si] 
tance. 

From  1882  to  the  present  time  no  very  brilliant  comet  I 
appeared.  This  interval  is  noteworthy  for  the  number 
periodic  comets  discovered,  and  for  the  successful  applicataaOi 
of  photography  to  the  study  of  their  structure  ami  changa!.] 
It  has  been  found  that  comets  often  vary  greatly  in  dii 
sions  und  in  Itght^giving  power  in  short  intervaU,  that 
tails  generally  present  a  complicated  structure  of  long 
and  local  condensations  which  change  with  great  rft[iidi^i 
and  that  the  breaking  off  of  considerable  portions  of 
heads  are  by  no  means  of  unusual  occurrence. 

301.  Meteors.  —  On  a  clear,  moonless  night  a 
star"  can  be  seen  darting  across  the  sky  every  five  or 
minutes.  It  is  sometimes  erroneously  stated  that  stars  li 
been  seen  to  "shoot,"  but  evidently  the  observer  \rtu  i 
taken.  In  1798  Brandes  and  Benzenberg,  at  GuttlngOBt 
began  to  observe  meteors  at  a  distance  of  a  few  miles  froB- 
each  otber.  By  getting  the  apparent  positions  of  the  begin*- 
ning  and  end  of  the  path  of  a  meteor  from  both  stations, 
the  time  of  its  flight,  they  were  able  to  compute  its  absalttlfr 
positions  with  respect  to  the  earth,  and  the  velocity  of 
motion.  They,  and  many  later  observers,  have  found  tlMfl 
meteors  appear  at  altitudes  of  fiO  to  100  miles,  and  tln| 
they  move  over  paths  of  40  or  60  miles  at  a  rat«  of  from  W 
to  40  miles  per  second  (Art.  112). 


^_  meteors 

^b        they  mo 
^k       to  40  mi 
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The  light  given  out  by  meteora  is  due  to  their  being  heated 
by  friction  with  the  ntmosphere.  If  a  meteor  moving  at  the 
rate  of  25  miles  per  second  should  take  up  half  the  heat 
generated  by  having  its  velocity  destroyed,  ita  temperature 
would  be  increased  97,000°  Centigrade,  provided  its  specific 
hotit  wci-L'  unity.  This  exjihiins  why  meteors  are  generally 
consumed  before  they 
reach  the  surface  of  the 
earth.  The  products  of 
their  oxidation  and  pul- 
vei-ization  fall  in  the 
form  of  dust. 

When  tlie  distance, 
duration  of  luminosity, 
and  brightness  of  a  me- 
teor are  known,  the  total 
amount  of  light  radiated 
can  be  calculated.  If 
all  the  energy  wen- 
transformed  into  light, 
this  calcidation  would 
give  the  total  amount  of 
kinetic  energy  [xtsse&sed 
by  the  meteor.  The  ki- 
netic energy  is  propor- 
tional to  the  mass  of  the 
meteor  times  the  square 
of  its  velocity.  Since 
the  velocity  is  known,  this  relation  gives  a  means  of  finding 
out  something  of  the  mass  of  a  meteor.  The  uncertainty 
lies  in  our  incomplete  knowledge  of  the  fraction  of  the  whole 
energy  which  is  transformed  into  light.  But,  making  what 
seem  to  be  safe  assumptions,  it  turns  out  that  the  masses  of 
meteors  are  only  small  fractions  of  an  onnce. 
308.    Ifumbers  of  Meteors. —  N:ci.  nVawsiNM  can  see  half  of 


U)9  sky  »t  oDoe,  but  lio  ran  not  ave  half  tit  tliu  niottxm  which 
strike  into  the  uarili'a  atmosphere.  The  resiioa  is  that  the 
■tOKKphere  is  i^ativeiy  very  thin,  and  meteors  can  he  stwn 
uoly  when  they  eocouuter  it  near  the  ohwrver.  If  the  rarth 
were  repreaenled  by  u  Hphcre  a  foot  in  diunu^tvr,  thv  thick- 
iirwi  of  the  attnoxphcre  on  the  siiiuv  scale  would  bo  onl}'  one* 
iiint]i  of  Ml  inch.  Ck-arly  only  an  t^xcit-dingly  Bniull  part  of  it 
ID  within  the  range  of  a  single  observer. 

From  very  many  c^mnta  of  the  number  of  meteom  that  riui 
be  Men  at  a  single  plaire  during  n  given  timt*.  il  hits  liei-n  I'oni- 
puted  that  between  10,000,00(1  and  120,000,000  Ktrikv  into  the 
eMth's  atmosphere  daily.  There  are  probnhl}'  m-voral  times 
Ml  tmny  m  thii  which  are  so  small  that  tliey  v»ca[m  obsorw 
tion  without  telesoi>pic  aid. 

Meteors  enter  thv  earth's  atmoHpherc  from  every  dirt-<'tion. 
Tlieir  places  and  veloritiea  of  vncounter  dei>end  both  upon 
tbeir  nwn  velocitieM  and  also  upon  that  of  the  earth  around 
the  sun.  The  side  of  the  earth  which  is  ahead  eucountem 
more  meteon  than  any  other,  for  it  receives  not  only  all 
those  which  it  nttU,  but  also  those  which  it  ovrrtakft,  while 
the  part  behind  receives  only  those  which  otf^rtakt  llic  earth. 
Tb«  meridian  is  on  the  forward  Kide  of  the  earth  in  the  moro- 
inf^andon  the  rearward  side  in  the  evening.  It  b  found 
—llial  more  meteomare  seen  in  the  morning  ttutn  in  the  oven- 
m\  that  thi-ir  relative  velwitics  anr  grv^ter. 

103     Meteoric  Showers.  —  Occiwionally  unusual  numtMrs  nf 
mra  are  seen,  and  then  it  is  said  that  then;  is  a  meteoric 
Tbere  have  been  a  few  itistaoces  in  which  meteors 
'  nnmenius   tliat   they  could   not    be   counted,  but 
r  not  more  than   tuie  or  two  appear  in  a  minute. 

At  the  time  of  a  meteoric  shower  the  meteors  are  nt4  only 
more  niuneraos  than  usual,  but  a  majority  of  them  move  so 
that  when  their  |mths  arc  projected  faackwanl,  they  jmss 
throngh,  or  very  near,  a  point  in  the  ak^.  TVna  \imn\ 'vh 
mlled  Ibe  mJiant  fomt  of  the  ahowBT,  \tst  V\«  x&txw**  *^ 
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appear  to  radiate  from  it.  Those  whose  lines  do  not  pass 
through  the  radiant  point  constitute  the  strays  which  are 
always  appearing. 

The  most  conspicuous  meteoric  showers  occur  on  Novem- 
ber  15  and   November  24  yearly.     The  former  have  their 


Fia.  1-K>.  —  I^oui<ls.     Charted  by  Upton  at  Providence,  R,I,,  Nov,  15, 1901. 

radiant  in  Leo  within  the  sickle,  and  are  called  the  Leonidi. 
F'rom  the  position  of  this  constellation  (Art.  41)  it  follows 
that  they  can  be  seen  only  in  tlie  early  morning  hours.  The 
J/itfcer  have  their  radiant  in  Andromeda,  and  are  called  the 
Andromtde.     They  can  be  ^een  oxCoj  vci  ^Jcva  ^axV^  ^jart  of  the 
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night.  Tliv  Ixvoniiltt  and  AnJromula  urv  not  cquully  numor- 
ims  tfrery  yrar.  G^t^at  Hliow«rn  of  tlie  LvonUs  oci'arrvd  in 
IKJtS  uid  iHtSlI,  and  Iftu  remftrknlilti  ones,  lliough  greater 
thui  the  ordinary,  in  1K'.)8  anil  lltOl.  The  Andromidii  &{>• 
|Mnr  in  ununuul  numlieni  every  thirteen  yearn. 

H««)des  l}ie»e  uet4M}ric  showen,  ai^eordiiig  tu  Dermiiig, 
nearly  8000  otlior  lew  eoOMpicunuH  ones  have  been  found. 
Tltc  Penwids  appear  for  a  week  or  more  near  the  middle 
of  Aoffiut,  the  Lyrida  on  April  30,  the  Oriotiids  on  Octo- 
ber SO,  etc. 
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304.   ExpUnatliNi  of  the  RadUnt  Potnt  —  In  1834  Olniat«d 

«h«>Wfd  that  the  a|i|>ar<>iit  nidiittinn  of  inctettnt  frmu  a  point 
I*  doe  tt>  tlie  fa«^t  tliat  (hey  niovr  in  [uirulli-l  linen,  and  that 
vc  im  only  the  [imjei'tidn  of  their  motion  on  the  eeleMial 
tphera.  Thna,  in  h'ig.  147,  thi'  aelual  jwths  of  the  meteors 
an  AB.  hut  their  apimreut  paths  as  wen  hy  an  oliserver  at 
(>  are  AO.  When  theM  line*  are  all  continued  Imcknan),  they 
meet  in  the  point  which  i»  in  the  direction  from  which  the 
nelcon  come. 

It  follows  that  the  meteors  whieh  Rive  rise  to  the  m*t«orio 
Aowen  are  moving  in  riuit  awariua  aloni;  orbita  which  int«r- 
■ect  the  orbit  of  the  earth.     When  the  earth  pasaea  through 
lh«  point  of  interaection,  it  ennoutttera  th«  mcVcnn  wcA  % 
•hower  oeenat     Tbtu,  the  orbit  ot  iho  Ueouida  XwckNmk  "^^a 
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tern  are  also  inappreciable.  A  retardation  in  tlie  translatory 
motion  of  a  bo<ly  causes  its  orbit  to  decrease  in  size.  Henoe, 
ao  far  as  the  meteors  affect  the  planets  in  this  way,  they 
cause  them  to  approach  the  sun  continually. 

Another  effect  of  meteors  upon  the  members  of  the  solar 
system  is  to  make  them  all  grow  by  the  accretion  of  the 
matter  which  may  have  come  originally  from  far  beyond  the 
known  limits  of  the  system.     As  the  masses  increase,  their 


mutual  attractions  increase  and  their  orbits  become  emtillar. 
Looking  to  the  past,  we  are  struck  by  the  possibility  that  the 
accretion  of  meteoric  inatt«r  may  have  been  more  rapid 
former  times,  and  that  it  may  have  been  an  important  factor 
in  the  growth  of  the  phmets  from  much  smaller  bodies. 

308.  Heteorites.  —  Sometimes  bodies  weighing  from  a  fe' 
pounds  up  to  several  Iiundred  dash  into  the  earth's  atrooS' 
phere.  glow  brilliantly  from  the  heat  generated  by  the  fric- 
tion, roar  like  a  waterfall,  produce  occasional  violent  <" 

nations,  and  end  by  tallmg  nn  the  earth.     Such  bodiw  «• 

csUed  meteorites,  wtlentea-  ot  a^roUlfR. 
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^H  peculiar  crystals,  they  show  hut  little  oxidation,  and  no  ac- 

^H  tion  of  water,  and  they  contain  in  their  interstices  relatively 

^H  large  quantities  of  occluded  ganes,  some  of  which  are  com- 

^H  bustible.     According  to  Farrington,  some  give  evidence  o[ 

^H  fragmentation    and    re  cementation,    others    show    faulting 

^H  (fracture  and  sliding  of  one  surface  on  another),  and  oUiera, 

^H  veins  where  foreign  materiiil  has  been  deposited. 

w 


^■  Hhowlni:  Peciili&r  CrjrstaliMlka, 


309.  Theories  respecting  Origin  of  Meteorites.  —  If  it  were  I 
known  Lliat  nietunriu-s  were  but  meteors  which  are  so  htge  I 
that  they  reacli  the  earth  before  they  are  completely  oxiJized  f 
and  pulverized,  we  iniglit  justly  conclude  that  they  are  prob-  I 
ably  the  remains  of  disintegrated  comets.  This  would  enable  | 
us  to  learn  certain  things  about  comets  which  can  not  h 
settled  yet.  But  no  meteorite  is  known  certainly  to  have  been  I 
a  member  of  imy  meteoric  swarm.  However,  two  meteoriw*  I 
liave  fallen  during  the  time  of  meteoric  showers,  one  in  I 
France,  at  the  time  of  the  Lyrids  iu  1905,  and  the  other  in  I 
Mexico,  just  before  the  Andromids  in  1885. 

The  structure  of  some  meteorites  is  more  like  that  of  l«^  I 
from  deep  vulcauocB  tWo  au■J^Jo\■l\lJ,  ^^  \^t«j.\id.  oo  the  eatib-  f 
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ftov  th««try  liiw  bcon  that  llioy  have  been  ejected  by  volcanic 
eiplijsioiu  (mm  thiT  moon,  plniietM,  or  perhiiiw  the  sun.     This 
tltM>rT  wimid  sc-ixiuiit  fur  mnii}'  nf  their  vliarnrtunHtlca,  bd<1 
would  eijilitio  why  they  uoiitniii  oiily  familiar  elcmuota.  at  1 
UntMt    if  tho  4itlit>r  Uidies  of  the  solar  syetvm  coutoin  only  | 
thtmv  fiiunil  (III  the  uarth.     Itut  it   ilocs  not  explain  bo  well  | 
tbtt  frat^tnentAtiun,  faulting,  and  Teimi  foitnil  by  Fnmn^ton,  1 
for  f(>rc««  grmt  eiiotiffh  to  produce  ejections  would  scarcely  ] 
be  found  without  lu^ut  enough  to  produce  at  len«l  fusion. 

Cluitnberliu  has  maintained  that  they  may  1m*  the  debris  of  I 
bndies  which  have  Ini-n  broken  up  by  tidal  strains  when  they  i 
li*ve  pRSMtl  within  the  fCocho  limit.  When  suiis  travel  j 
•roaml  otlier  sunn,  it  is  probable  that  occasionally  they  pass  1 
■o  near  each  other  that  their  planets  (if  they  have  any)  are  | 
brokiiD  Dp.  More  rarely  the  MUia  Iheinttelvea  are  diainte*  J 
gTBtra).  Imlee«l,  this  may  be  the  origin  of  all  conietary  and  4 
BelM>ric  matter.  Whether  it  is  or  not,  (hero  is  a  ixisslbility  I 
of  disintvgration  here  whii^h  must  l>e  taken  into  account  in  J 
aoy  tlieury  of  coamii»l  evolution. 

Tlie  pnaent  desiderata  are  more  accurate  determinatiui 
of  r«»Kietit'  orbits  U*  find  whether  any  of  them  are  really  para- 
bolic, mure  accurate  tlelermiiuttionN  of  the  vehM-itiee  of  meteor*  | 
to  find  whether  they  ewr  come  into  our  syslem  un  (larabulio  I 

Ctrbolic  orbits,  and  linally  the  settling  of  the  quMtioal 
r  melconi  and  inetoorttea  aro  rtmlly  related. 
'hi 
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What  sort  ol  abwrrslimu  « 
I  ta  iIh  ■tawpfcw*  of  Ux-  t 


•  madt  lo  ftvn  UhI  o 


Om,i 


If  a  ooowl  Mhona  Miltr^lT  >>5  n4!i^-trU  llgtht.  how  wouM  tt*  Innl- 
mmHy  ir^vd  n|ian  ita  diatMicv  fruni  Uu-  auii  anil  fn>ni  Uw  sarlhT 

S.  U  a  eoinvt.  lurminn  sn  ei)uiUter«l  trlanslr  «itb  tba  tartli  tnd 
an.  fa*«  xB*  humlml  Unm  m  much  (rvflnrtHl)  Ughl  tut  a  Bnt-macni- 
tola  atar,  horn  much  light  nouldit  gi*«  wtmit  wuUt  oyy<AAttfc■>^'^» 
4MaMv  olJ  uplur  T 
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4.  Could  the  earth  capture  a  comet  and  make  it  revolve  around 
the  earth  like  a  satellite?  Hint:  At  what  rate  would  a  comet  pass 
the  earth's  orbit  (Art.  165)  ?  Compare  this  with  the  earth's  velocity 
of  escaj^e  ( Art.  111). 

5.  Can  you  assign  any  reason  why  comets  should  contract  when 
approaching  the  sun? 

6.  Why  is  not  the  material  of  which  the  tail  of  a  comet  is  com- 
posed repelled  so  it  never  approaches  the  sun  at  all  with  the  remainder 
of  the  comet? 

7.  On  the  repulsion  theory,  should  a  comet's  tail  be  equally  long 
when  it  is  approaching  the  sun  and  when  it  is  receding? 

8.  Make  a  list  of  the  fairly  well-explained  cometary  phenomena,  and 
of  those  for  which  no  satisfactory  theory  exists. 

i).  Make  observations  to  determine  how  many  meteors  can  be  seen 
in  an  liour. 

10.  If  possible,  locate  the  radiant  point  of  some  meteoric  shower. 

11.  Meteors  often  leave  luminous  trails  which  persist  for  a  few  min- 
utes. If  you  are  fortunate  enough  to  see  one,  observe  carefully  whether 
the  trail  drifts  with  resptnit  to  the  stars,  and  from  the  length  of  time  of 
the  motion  and  the  angular  change  in  direction  compute  (assuming  a 
heiglit  of  oO  niih*s)  the  actual  velocity  of  the  luminous  trail.  This  wiU 
be  vory  nearly  tlie  velocity  of  the  atmosphere  at  this  height.  If  the 
motion  of  the  trail  with  res|x»ct  to  the  stars  is  observed,  will  it  be  neces- 
sary to  make  a  correction  for  the  diurnal  motion  of  the  stars  in  getting 
tlie  motion  witli  res]>ect  to  the  earth's  surface? 

lii.  Kstimate  the  intervals  of  time  during  which  meteors  are  visible; 
assume  that  they  are  50  miles  away  and  moving  at  right  angles  to  ^e 
line  of  sight ;  from  these  data  compute  the  velocity  of  motion. 
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light  ever  used  for  illumination  is  dull  in  comparison  vntii  it 
Even  when  the  sun's  light  is  largely  cut  off  by  dense  cloud* 
and  enters  a  room  only  through  windows,  a  lighted  laiuji 
compared  with  it  p&les  into  iusigiiiiicauce  as  a  source  of 
illumination. 

Physicists  have  devised  methods  of  measuring  the  relative 
amounts  of  light  received  from  different  sources.  It  is  found 
that  the  aun  sends  to  the  earth  600,000  times  as  much  liglii 
as  is  received  from  the  full  moon.  Or,  expressed  in  other 
units,  the  illumination  due  to  the  sun  is  over  60,000  times 
that  of  a  standard  candle  at  a  distance  of  a  yard. 

Light  is  a  wave  motion  in  the  ether,  and  waves  of  only 
a  limited  range  of  lengths  alTect  the  eye  as  light.  Those 
which  are  too  long  to  stimulate  the  optic  nerve  as  light  are 
heat  waves,  and  those  which  are  too  short  are  the  chemical 
rays.  Clearly,  in  a  discussion  of  the  radiation  of  a  body  like 
the  sun,  all  rays  should  be  included  whether  they  can  be  seen 
or  not.  The  longest  waves  in  the  red  which  affect  the  or- 
dinary eye  as  light  are  about  i^X^„  of  an  inch  in  length, 
while  the  shortest  ones  visible  in  the  violet  are  about  ^^^ 
of  an  inch  in  length.  In  the  phraseology  of  acoufttica,  this 
is  less  than  au  octave,  while  the  ear  is  sensitive  to  ten  octaves 
of  sound. 

It  is  possible  to  measure  quite  accurately  the  amount  of 
radiant  energy  which  reaches  the  surface  of  the  earth,  hut 
the  atmosphere  absorbs  a  portion  wliich  can  be  determiutd 
only  indirectly.  Perhaps  the  best  estimates  of  this  atmos- 
pheric absorption  were  made  by  Langley,  who  measured 
simultaneously  the  intensity  of  the  radiation  received  from 
the  sun  at  the  summit  of  Mount  Whitney,  14.887  feet  above 
the  sea,  and  at  its  base.  He  came  to  the  conclusion  that  40 
per  cent  of  the  rays  striking  a  clear  atmnsphero  perpe'i- 
dicularly  are  absorbed  before  they  reach  the  solid  surface- 
Later  determinations,  recognizing  the  great  absorbing  power 
of  the  carbon  dioxide  in  the  atmosphere,  have  led  to  the  con- 
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>  thai  A  Mtill  Ui^er  [xirlion  is  Klworbvfl.  Tho  iilwutrp- 
tioD  U  ^reatpitt  in  tlie  violet  vii<]  of  tlie  Hpuctnim,  and  least 
in  tb«  K<1.  Laogley  fonnd  that  tli«*  alMurittion  is  invi-raely  as 
tbe  wave  lengtb.  The  blue  ruys  ar«  largely  absorbed  when 
tlie  ami  \»  near  the  hurizou,  and  tliis  is  the  reason  it  1ih>Iu 
ml  wtivii  Kelting,  while  it  i«  white  when  uetir  the  nieridiaji. 
H  all  tho  nuliant  eiierf^y  which  thf  earth  receives  frtiiu 
the  Biin  wert)  trunsformed  into  mechanioal  L-iior){y.  >t  would 
amount  to  tkrtt  hort  power  for  ererjf  tquare  yard  expnard 
ftrjiemticuhrig  to  ikt  lun't  rayt.  Of  uottrw,  only  a  small 
jart  of  this  energy  can  Ix^  us<*d  for  mechanical  purposes. 
HesidrA,  tl4  ninnunt  varieit  greatly  with  weather  eonditions, 
and  always  vanishes  i-ntirvly  at  night,  (.'cm^equetitly,  with 
praaeot  applianevs,  the  sun  is  not  a  very  satisfactory  direct 
Mwrce  of  mechanical  energy  ;  still,  in  tlie  cloudluss  skius  of 
MtotlKtm  California,  solar  engines  Itnve  iMwn  employed  in 
|iutnpiiig  water  for  irrigation.  But  we  must  not  forget  that 
all  of  the  tnwhanical  energir^  which  are  nvaihihle  have  been 
obtainet)  indirectly  from  the  nun. 

In  tbo  evolution  of  organic  existence  on  the  earth  the  sun 

has  bM>n  as  impurtnnt  a  factor  as  thu  earth  itself.     Cotuw- 

qoently  geologists  and    biologista   liave  a  deejt,  though  in* 

iUrect,  intercMt   in  noUr   theories.      The  question   of  moat 

immediato  interest  is  whether  the  same  amount  of  heat  is 

always  rtrc^ivitl  fnim  the  huu  under  llie  same  vomlilions  of 

distanee.      It  seems  rvAsonable  that  there  msy  be  some  slow 

citange,  but  it  has  not  lieen  sup|>nsecl  until  recently  that  there 

_.  were  any  sensible  short-)M*n<>d  vartHtions.     Two  years  ago 

b^9<H)  Langley  and  AhI>ott  announced  the  «urtling  restdt 

^^^•t  they  had  found  conclusive  evidence  that   the   radiant 

H~Mwrg}-  received  from  the  sun  sometimes  varies  by  as  mtwh 

as  10  per  cent  in  a  few  days.     However,  a  short  change  of 

this  amoant  produoes  no  important  climatic  change*.     If  it 

^««re  to  pernst  inilefiDitely.  the  raiwn  temperaturt*  of  tl»a 

^Hpth  would  be  ohauged  by  oidy  12°  KaUnnVutAV. 


312.  The  Energy  radiated  by  the  Sun.  —  The  earth  aa 
seen  from  tlie  sun  subieiids  as  smalt  an  angle  as  Mars  does 
when  viewed  from  tlie  earth.  Although  this  is  an  exceed- 
ingly small  part  of  the  whole  sphere  surrounding  the  sud, 
the  heat  received  by  the  earth  is  very  great ;  therefore  tbe 
sun  must  radiate  inconceivable  amounts.  It  can  be  pictured 
to  our  understanding  only  by  stating  some  of  the  things  it 
might  do. 

The  energy  radiated  per  sqilare  yard  from  the  sun  is 
equivalent  to  140,000  horse  power.  To  generate  this  energy 
a  layer  of  anthraoite  coal  25  feet  thick  would  have  to  he 
consumed  hourly.  The  heat  radiated  by  the  sun  would  melt 
a  layer  of  ice  4000  feet  thick  everj'  hour  all  over  its  surface. 
Only  about  nMjTo'a'oVuoo  "f  the  vast  floodof  energy  which  the ann 
pours  forth  is  intercepted  by  the  planets,  the  rest  traveling 
on  through  the  ether  to  the  regions  of  the  stars  at  the  rate  of 
180,0011  mik'S  per  necond. 

313.  The  Temperature  of  the  Sun.  —  Although  the  amount 
of  radiant  energy  emitted  by  the  sun  is  fairly  accurately 
known,  yet  it  is  a  dilBcult  problem  to  find  its  temperature. 
The  first  difficulty  arises  from  the  fact  that  there  is  no  single 
surface  which  alone  radiates.  There  is  an  enormous  highly 
heated  atmosphere  around  the  sun  which  gives  out  radiant 
energy  and  absorbs  part  of  that  which  comes  from  a  more 
highly  heated  interior.  This  absorption  \s  strikingly  shown 
by  the  fact  that  the  sun's  disk  is  brightest  at  the  cent«r, 
gi-adually  darkening  toward  the  edge,  until  at  the  limb  it 
is  only  one-third  as  bright  as  it  is  in  the  center  of  tlie  disk 
(see  Fig.  loS).  Langley  believed  that  if  the  sun's  absorb- 
ing atmosphere  were  removed,  it  would  radiate  three  or  four 
times  ns  nmch  light  and  heat  us  at  present,  and  that  it  would 
be  decidedly  blue. 

Another  difficulty  ariaea  from  the  fact  that  it  is  not  icnoim 
how  radiation  varies  with  the  tempeniture.  particularly  where 
ibe    (eniporatures   are   excessive,   as  they  are    in    the   sua. 


Tim  svx 

NVwton  Bjwamed  tbitt  »  body  nutiHWfl  directly  iiro)H>rtiotuil 
i<i  iu  tcnipeniturc.  If  thi»  wm-o  mu  il  would  be  >n  ensy 
:i]-itter  In  find  llie  temperature  of  a  body  whos«  rate  of  r  " 
:  I'll  u>  known.  On  the  bafiiti  of  thin  law  it  would  follow 
:  >•■  aiin'H  l«iii|)pmtun!  it)  M'iiiKbiii(f  like  4.00<>,UUU°  Fulirenhej 
iiiit  it  ifl  known,  butli  from  ex|»i^riment  and  fnun  tbeorfli 
"ii&iderstionB,  tluit  Sti-fnn'H  law  (Art.  270),  which  iwsurtM 
■hiii  the  rwliation  varii<ti  nit  thi;  fonrtb  [tower  of  the  nbHolut« 
■  111  [If  nit  II  re,  rc|iri--Henls  (jiiito  aeruralelv  tlio  truth  for  luod- 
iiv  tfiM[M:raturt-s.  It  follows  fmm  thia  law  tut  a  l>asiii  for 
<in|>iitaiion  that  tin'  teio[Ktr»ture  of  the  huh  lit  ttlM>ut 
iM.iXHr*  Knhrviihfit.  Or,  it  would  bo  luttre  acctirHlw  («  say 
that  m  radiating  stirfnco  huviii|;  ihiM  U.'ni[ieraturt>  woidd  nuU- 
at«  at  about  the  iiainfl  rato  the  hiui  docs.  This  U-mperature, 
whiHi  is  MVernl  thousand  dc>)freea  hi|;lier  than  haa  been  ub- 
^,^4^n(^  »»  fur  in  the  mont  [lowerful  electrical  furnace,  ia  now 
gunerally  re^tnlod  ns  bein^  noniewhere  nenr  the  truth  fur 
tho«n  jHirlions  of  llie  »\w  which  nrt;  near  enough  the  Hiirface 
m>  that  th^'ir  rodiations  ewaiN!  dirMtly  into  itjmcv.  L'nduubt- 
edly  the  interior  is  vastly  hotter. 

Auothvr  Dirlhml.  uacil  Gmt  by  Ziillncr  in  18T0,  nnd  Uter 

by   Him  in  IK'M,  baa  aonio   ^lod  fi'aturen,  though   on   the 

whole    iuvdlviug    many   uncertain    factors.     It   cunfliatti    in 

inferring;  tlie  difTeretice«   of  teiii|M!rature   fnuu  tli«   violent 

obaenrrd  oiotioiui  which  they  jiroUuce.     'I1ii«  metliod  has  led 

to    excecdinjfly  high    teinpeniture»,   ranginff   from   50,000* 

to  180,00«l*  Fahrenheit. 

IJL    S14-  Rate  of  CMding  of  the  Sun. —A   given  amount  of 

^UMt  will  not  in  ffenvral  raise  the  u-mperature  of  equal  maanca 

^b(  different  auliittances  the  aaine  amount.     For  eiam[>lv.  it 

^■dtn  about  five  timt*  aa  much  heat  to  niw  the  l«mi»eratura 

^■C  a  [Mund  of  walur  one  deg^Vi^  aa  it  doe«  a  poumi  of  atoDs. 

HSknd  cooveraely.  a  [Miund  of  tvatvr  of  a  girea  lvnip«rature 

cantaiDB  about  five  liines  aa  much  biwt  aa  a  \Kiaiul  ol  tbann 

at  the  aaue  teiu/wraturr. 
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If  the  Biin  had  the  same  heat  capacity  as  water  (hydrogsn 
is  the  only  known  substance  which  has  a  greater  capaci^), 
the  heat  which  it  radiates  annually  would  lower  its  tempera- 
.  ture  about  4"  Fahrenheit  if  it  were  not  in  some  way  replen- 
ished. Consequently,  if  the  sun  were  siinply  a  hot  body 
cooling  o£f,  it  could  not  maintain  its  present  radiation  more 
than  about  3000  years.  Direct  historical  evidence,  to  say 
nothing  of  the  indirect  inferences  from  geology  and  biology, 
sliows  that  the  sun  has  been  radiating  acnsiWy  at  its  present 
rate  for  a  much  longer  period  tlian  (his, 

315-  The  CombuEtioa  Theory  of  the  Sun's  Heat.  —  Exjieri- 
menta  show  liow  much  heat  is  develiiijcd  l>y  tho  combustion 
of  a  given  amount  of  coal.  On  tlie  basis  of  these  experi- 
ments, it  follows  that  if  the  sun  were  pure  coal  and  oxygen 
in  such  proportions  that  after  their  chemical  union  there 
would  be  no  residue  of  either,  the  amount  of  heat  generated 
would  be  sufficient  to  maintain  the  present  radiation  only 
about  1000  years. 

Ho  process  of  successive  dissociation  and  subsequent  burn- 
ing would  explain  the  enormous  and  long-continued  radia- 
tion, for  tlie  same  amount  of  heat  would  be  used  in  seiM- 
rating  the  carbon  and  oxygen  that  would  be  given  up  when 
they  united  again.  Consequently  the  combustion  theory  ik 
entirely  inadequate. 

316.  The  Principle  of  the  Conservation  of  Energy.  —  One 
of  the  cardinal  principles  of  physical  science  for  a  long  time 
has  been  that  matter  can  uot  be  destroyed.  If  the  ashes. 
smoke,  and  gases  from  a  body  which  had  been  burned  were 
all  gathered  up,  they  would  weigh  as  much  as  the  originnl 
body  plus  the  oxygen  used  iu  the  combuHlion.  But.  until 
about  1840,  it  was  generally  supposed  that  energy  might  be 
destroyed  as  well  as  be  transformed.  For  example,  it  whs 
supposed  that  the  energy  lost  by  friction  ceased  to  exist. 
However,  it  had  long  been  known  that  friction  generates 
haat,  and  at  this  time  vt  vjaa  lew^vLaA  iWt  the  heat  pro- 


iloced  mifiht  be  t-quivalfnt  to  the  mechnnjca]  energy  lost. 
Mnny  eUb(>role  experimenta,  particularly  by  Joule,  showed 
tho  oorrectneiw  of  thU  view  auiI  led  to  the  ^enemlitittion 
that  fAr  total  amount  nf  tnrrgtf  in  thr  MHi'r^rntr  it  alteaj/t  the 
mtmr.  Energy  in  tliiH  connei'tlon  mt'n:i8  the  "{KUvntinl 
vavv^"  of  )io«ilii)n  UH  well  as  tbe  "kinetic  envrgy"  of 
motifiii-  TliJH  u  cine  uf  tbo  moiit  fttr-reocliing  prini-iples  uf 
oatural  acieoi-e,  and.  like  the  law  of  gravitation,  it  ia  con- 
crmwl  in  every  phenomenon  involving  llie  motion  tif  matter. 

317.   The  Meteoric  Theory  of  the   Sun's  Heat.  -  I-'oll.iw-     - 

ing  tl>c  develop  men  I  uf  the  iheory  of   the  (unM-rvntion  of 

energy,  it  n'OH  auggusted,  and  for  a  few  vt-nrti  Itelievetl,  that 

the  Bun'a  heat  U  maintained  by  the  energy  conlribnled  by 

the  impact  of  the  I'ast  number  uf  motcon  whieh  doubtleaa 

fall  into  the  ann.     This  theory,  while  qualitatively  correct, 

liM  been  Hhown  to  l>e  quantitatively  uniiatiafactary,  for  ao 

much  meteoric  matter  wmild  l>e  detunndecl.  notwithalanding 

the  eiionnniu  velm^ity  of  \\»  impact,  that  it  would  produce 

jierturlalioua  in  the  motions  of  the  planpt«,  which  obscrvft- 

tiiins  abow  do  not  cxiat.     And  it  can  b<*  proved  that,  utider 

the  byimtbeais  tl»t  the  meteoric  matter  eomea  Xu  the   aim 

Mqoally  from  all  ilinwliona,  the  amount  of  heat  tvceived  by 

D1m>  rartb  direollr  fmm  the  impact  of  melitoni  in  ita  atnto*- 

■|^r«  would  he  jj,   of  that  re<-eived  fnim  the  aun.     Sineo 

^■fel fe minioMa  of  tinK-id  m  much  heat  u«  i»  rcreived  fr<:)m  th« 

^^■iHllh  It    follows  that   the  theory  must  be  ahandoneti  as 

^Hns  •Btirely  innuflicienl. 

B  SIS.  Belmbolti't  Contraction  Theorjr  of  the  Sun's  Heat  — 
H^pjHMte  titc  nun  wen*  t<<  contract  under  the  mutual  ^T.ivila- 
HilBn  of  ita  parta.  TbiM  would  lie  equivalent  to  a  Hlight  fall 
■ofranl  ita  tenter  of  ever}'  one  of  its  jmrticlem  and  vverj'  une 
B|f  the  imjiarta  of  these  particlea  woubl  generate  beat.  The 
^■U  of  »  particle  would  take  place  conlinuallr,  but  it  ran  Im 
^■oved  that  the  total  amount  of  heat  generated  vouUV  Vyn 
^Ki  MUDo  M  if  it  ftflj  iho  whole  dialaUM  «.iv\  ^v^  u^  '•^^ '^'^ 
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energy  of  motion  at  one  time.  Therefore,  heat  would  be 
contiQually  generated  by  a  continually  contracting  mass. 
Every  one  is  fumiliar  with  the  fact  that  a  bicycle  pump  geto 
hot  when  it  is  used  to  force  air  into  a  tire.  If  the  sun  should 
contract  it  would  get  hot  for  the  same  reason,  only  in  the 
case  of  the  bicycle  pump  the  energy  comes  from  without 
instead  of  from  the  mutual  gravitation  of  the  masses  involved. 
It  is  clearly  not  tlie  friction  of  the  piston  with  the  cylinder 
which  produces  the  heat,  for  if  it  is  not  used  to  force  air  into 
the  tire  no  appreciable  beat  is  generated. 

In  1854  Helmboltz  computed  the  heat  generated  by  a 
contracting  body  in  an  attempt  to  explain  the  source  of  the 
sun'a  supply  of  heat.  Under  the  assumption  that  the  sun 
contracts  so  that  it  is  always  homogeneous,  he  found  the 
astonisliing  result  that  a  contraction  of  about  100  feet  annu- 
ally in  the  radius  would  account  for  all  the  heat  radiated. 
More  recent  figures  showing  a  greater  rate  of  solar  radiation 
demand  a  contraction  annually  of  about  180  feet  in  the  sun's 
radius.  This  amount  is  so  small  in  comparison  with  the  vast 
dimensions  of  the  sun,  that  its  accumulated  effects  could  not 
be  detected  by  present  instrumental  means  until  the  lapse  of 
more  than  6000  years.  The  assumption  of  homogeneity  is 
certainly  false,  but  under  the  hypothesis  of  greater  density 
at  the  center  the  contraction  would  be  less  for  the  genera- 
tion of  a  given  amount  of  iieat.  Therefore  the  shrinkage 
requisite  for  maintaining  the  present  radiation  of  heat  would 
not  be  so  great  as  that  given  above. 

In  1870,  Lane,  of  Washington,  proved  that  a  body  whose 
constitution  is  such  that  it  obeys  the  laws  of  gases  will 
actually  contract  under  its  own  gravitation  as  it  loses  heat 
by  radiation.  Moreover,  as  the  volume  diminishes  so  that 
the  gravitational  forces  become  greater,  the  ability  to  with- 
stand the  expanding  tendencies  of  high  temperatures  corre- 
spondingly increases,  and  the  temperature  will  be  greater 
than  before.     This  is  Lane'?.  cft\e\ix«yai  v^iadox,  vix.,  that 


■  body,  in  »  state  of  momentary  equilibrium  under 
its  intemml  beat  and  frmvitation.  will  gniw  hntt4-r  tlie  more 
b«t  it  ndiates.  But  if  ibc  lanii  of  gaat>»  nhould  evor  fiiil  a« 
s  cotwequenne  of  tbo  interior  piirtit  becoming  liquiil  or  itolid, 
Itame't  Iaw  would  no  longer  bold,  timl  the  Iem)>fniLurv  would 
fKll.  (.Anv'H  invi'dligiuions  bnvi-  Iwun  improvi'd  uml  L-xli-mlDd 
byKiti.T.(:.  11.  I>tinnn.iin<l  Hill. 

319.  The  Past  and  Future  of  tbe  Sun  on  the  Basis  of  the 
Cmtractioo  Theory.  — It  ui  clear  front  tbt<  preceding  dintiua- 
nun  tluit  l)ie  (.'ontmctioii  tboory  is  a  satisfnctury  cx|)lanntion 
o(  tbf  niaint4.>nnncp  of  the  sun's  heat.  The  [trincipftl  qacKtion 
renuuoing  ia  whether  there  are  not  other  important  sources 
of  heat  beMideH  this.  If  there  were  not,  and  if  we  knew  the 
rate  of  radiation  in  [uut  tiniu,  fur  examitle  if  it  bad  nlways 
Iwen  Ihr  niuni-  iw  nl  pre»riil,  it  would  lie  ptwsible  to  compute 
a  limit  tn  thtr  lime  tbo  sun  and  planvts  could  have  existed 
with  their  pnesent  rvlationa. 

Computation  shows  that  if  the  nun  had  contntcled  fmm 
infinite  expansion,  lefts  tbnn  ^,U0U.004>  tinieH  oh  much  heat 
woulil  bavtt  been  generated  as  is  now  mdialed  annually. 
ConsMiuently.  if  tlie  contraction  tlieory  in  the  true  explana- 
tion of  the  ffruater  part  of  the  sun's  hcut,  the  sun  cau  not 
have  radiated  sotuubly  at  its  pruscnt  mte  for  mon'  tlian 
30,U0O.OO0  year*.  Uut  geoloj^ists  and  r^xilofrisls  believe  they 
iMTeeridenoa  of  a  much  longer  evolution  on  the  earth  under 
eandittoaa  of  not  greater  frigidity  than  exist  at  present. 
Seme  of  these  estimates  demuiul  10(1,000,000  or  :!00,004),000 
yaara.  but  tlio  data  arv  tnengi-r  and  difTicidl  to  use 
qoantilatirely. 

Aceonling  tn  the  contraction  theory  the  sun  will  continue 
to  euotract  until  it  becomes  so  denw)  in  its  interior,  if  indeed 
It  has  not  alreaily  reached  this  stagt>  near  its  center,  that  it 
wUI  oease  Ui  obey  even  approximately  tbe  lawn  of  gases. 
Tb«a  iU  lemperaturc  will  Ix^in  to  fall,  ant\  W.  VAX  %.xu^'^ 
'in|  Igr  bwvoHiv  *ii^k  and  cold  lik£  lU«  mwm.    \v  ^&  x»A. 
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certainly  known  how  long  it  will  take  for  this  evolution,  bat 
it  ia  generally  supposed  tJiat  in  10,000,000  years  not  enough 
heat  will  be  received  from  the  sun  to  support  life  on  the 
earth.  The  theory  provides  for  no  escnpe  from  this  con'li- 
tiou  of  perpetual  frigidity  except  by  the  possible  collision 
of  the  sun  with  some  other  body  of  large  mass.  The 
heat  generated  by  the  imimct  of  two  such  bodies  as  the  sun 
rushing  together  under  the  impulsion  of  their  mutual  gravi- 
tation would  be  sulhcient  to  vaporize  both  of  them. 

Many  positive  statements  about  the  possible  past  and 
future  duration  of  the  sun  have  been  made,  but  recent  dis- 
coveries, while  not  modifying  the  contraction  theory,  show 
that  there  are  other  sources  of  energy  which  are  probably 
very  important  in  the  consideration  of  the  question.  The 
contraction  theory  takes  into  account  only  the  energy  de- 
veloped by  molecular  motions  in  the  process  of  contraction. 
The  atomic  motions  involved  in  chemical  reactions,  as 
combustion,  can  not  add  a  relatively  important  amount  of 
energy.  But  in  the  last  four  or  five  years  it  lias  been  found 
in  connection  with  the  study  of  the  cathode  rays  and  radio- 
active substances,  that  there  are  units  of  matter  smaller  than 
any  atom,  in  fact,  about  one-thousandth  the  moss  of  the 
hydrogen  atom,  which  is  the  smallest  atom  known.  The 
internal  enei^ies  of  atoms  arc  found  to  be  incomparably 
greater  than  they  possess  in  any  motions  with  which  they 
have  ever  been  known  to  be  endowed.  Now  it  is  possible 
that  in  some  way  tliis  internal  energy,  especially  in  the  dense 
interior  of  the  sun  where  the  atoms  are  closely  crowded 
together,  may  be  partially  or  wholly  transformeil  into  nicv 
Iwular  motion  which  is  nuuiifested  as  heat.  For  exan]ple< 
under  all  luimratory  conditions  radium  continually  sends  off 
these  small  ixirtions  of  atoms,  called  corputeleg.  and  in  this 
process  of  disintegration  at  least  a  million  times  as  much 
omrgy  is  given  uy  as  by  the  combustion  of  any  known  suh- 
stiuiucui  uf  the  BlUBe  'we'\g^tV. 


The  conutuHum  ia  tliat  the  controotinn  theory  fcive»  a  true 
«splniiati(ia  of  the  ciri^in  of  a  vast  aninuiit  of  wtLtr  hval. 
But  it  u  potoiible,  anti  iiuleed  probable,  lliac  there  nr«  othrr 
■ouTNs  of  groat  iiiiporlative.  At  iirvaeiit  no  positivi?  sUtv- 
oients  can  be  made  respecting  the  a^^e  of  the  sun,  or  the  time 
during  which  it  will  continue  to  iUuminatt;  Uiu  planeU  with 
iU  hencGcent  beams. 


QUKSTIon 


earth   > 


.    How  Iw^   U  a  hodji  whou  volume   U  to  thKt  nf   thr 
;  al  tl»v  rutli  u  to  U>Bt  of  Ihf  RUn? 

.  Tbf  lUuinituilUm  ol  bo  otiiM-t  by  Ibn  nun  U  proportional  liirwlly 
br  auo'*  *ari»or.  tU  bfiichtnPM.  nni)  inTnnwI^v  ■«  (ha  M)ii*n>  uf  tin  (ll«- 
M.  Thn  Mun>  i*  tnio  of  [llRiuiTiation  by  kny  nlhcr  •ourM  ol  HkIiI- 
V  an  ii]ia«|iH>  Imtl?  in  cunli^ht  anil  liriiiK  iionix  artiflrjal  mihtto  n  ii(«r 
.  tb  iJuilino  ia  Uluniiriatnl  hy  itin  arliHcial  light  m  fnlly  m  « \ftv  tha 
«itili)Clit  talb.  From  ih«  knuwn  ilitt«ni>«  aiiil  tliinriwkitH  of  Ui»  Mm 
tba  kitiflcial  Murw  conipari-  thrir  liriKhliiFfN. 

.  Al*  Oil!  Ii]|hl  and  hrat  abaortioil  l>y  tha  aliuo^ilti-K  rBrdiVK  In 
ia(  the  tMBpantim  of  Uw  Mrth'a  Mrfan<  ? 

.  Exfrfain  til  i^mH  hnw  tha  varkiaa  im^rhankal  pncncira  in^  iu«  an 
nA  fawMlwctly  fnun  Um  mm ;  fur  Maiii[il«.  wind  [wirar,  water  power, 
fj  bmm  eamhmtiam,  awl  rneq^r  of  aniinala. 

.  What  tmible  ia  than  with  tha  tbmry  that  lfa>-  nin'a  hrat  U  main- 
ad  bf  the  frielimi  oa  each  ntbar  of  dillarent  ourmita  wbloh  may 
ana  U? 

C  Tha  law  of  iba  eotiaarvalioii  of  «nRr|Qt  i*  roncemad  in  rvery  ph«>> 
^Mtwaoa  iarohrio^  Iha  motion  of  nuttrr;  an  there  any  phenomaDa 
wUab  do  Bot  Inraira  iha  motion  of  mattarf 

T.  What  b  the  ahrinliB^  in  tlix  iran**  appatant  anpilar  dlaniatar  in 
l«R>jaan  UitahrinkaSaOfaat  yaarly? 

&  If  tha  iun'«  radln  doeraaaaa  IW  faat  yaarly.  how  innoh  will  the 
^■rftj  trf  Um  «ui  IwNMt  la  1^000,000  yMia  T 

UPWTin'M    AXALYHW 

390-  Problenu  of  Spectrum  AnalysU-  —  T)m  pitch  anil 
quality  of  a  •hhidiI  i1i-i>cii>I  upon  the  obj<-ct  which  prwltu-va 
It.  The  taim  of  iliffttrvnt  pitih  pnNlupeiJ  iin  a  piano,  (ut 
•xamttld,  ilepoiMl  npiia  the  Iengtl^  tenuoo,  «nA  -««v^\X.  oV 
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the  string  which  has  been  struck.  The  loudness  of  the  tone 
depeuds  upon  the  violence  of  the  blow  which  produces  it. 
Whea  u  trained  ear  hears  n  musical  tone  it  can  tell  from  iu 
character  on  what  instrument  it  is  produced,  from  the  pitch 
of  the  tone  the  nature  of  the  part  of  the  instrument  produc- 
ing it,  and  from  its  loudness  the  acuteness  of  the  disturbance 
which  has  put  the  instrument  in  motion. 

Light  is  a  wave  motion  in  the  ether  somewhat  as  sound 
is  ill  the  air.  Spectrum  analj'sis  consists  of  a  study  of  lighi 
waves  with  the  purpose  of  finding  the  coustitntion,  densitj, 
and  the  temperature  of  the  body  producing  them.  Consider- 
able progress  hiia  been  made  in  the  solution  of  these 
problems,  and  the  results  which  have  been  obtained  are  very 
important,  for  they  pertain  to  bodies  which,  because  of  their 
remoteness,  can  not  be  investigated  in  these  respects  in  any 
other  way. 

The  pitch  of  a  locomotive  whistle  is  perceptibly  higher 
when  a  train  is  approaching  us  than  it  is  when  the  train  is 
receding.  The  reason  is  that  when  the  train  is  appronching 
the  sound  waves  are  sliglitly  crowded  together  and  short- 
ened, and  when  it  is  receding  they  are  slightly  lengtbenetk' 
If  the  true  pitch  of  a  locomotive  whistle  were  known,  and  if 
the  pitch  as  modified  by  the  train's  motion  were  accuratelv 
measured,  it  would  be  possible  to  compute  the  velocity  of 
the  train  toward  or  from  us.  The  results  would  be  almo'l 
exactly  the  same  if  the  whistle  were  stationary  and  the 
hearer  were  riding  on  a  train.  Similarly,  motion  of  tbe 
source  or  recipient  of  light  affects  its  apjtarent  wave  leiigtli. 
and  if  the  change  is  known  the  relative  velocity  in  tJie  liu" 
joining  them  can  be  determined.  Measurements  of  this  sort 
now  constitute  an  important  part  of  spectrum  anidysis. 

331-  Nature  of  Light.  —  There  have  been  two  princip"' 
theories  respecting  the  nature  of  light.  According  to  the 
first,  wliicli  was  developed  by  Newton,  light  consists  of 
mmuto  corpuaoles  shot  ou\,  \u  aUai^ht  lines  by  the  Ituninoiw 


body.  Acconlinff  to  the  M-cnntl,  wliich  was  devcloiwd  bjr 
TbotaiM  YouD){  and  many  laUsr  pliysicists,  li^rlit  cotuiaU  of  a 
wm\-e  motioD  in  on  all-perviuling  ttubstancc  called  the  ether. 
Tli«  wave  theory  ha«  entirely  supi-rsedud  The  corpuscular 
tliM>f}',  fur  it  (-■xplaiiiH  aevoral  phenomena  tliat  the  latt4>r  dops 
not.  For  exani|ile,  when  two  aiuiilar  rays  of  liyht  meet, 
they  di-atroy  cacJi  oth<;r  where  the  phasea  uf  the  wave*  ari> 
differvnt.  Tliia  [difnomenuD  ia  incxpliouble  uuilur  the 
ixirpuficular  theory. 

Ex|H*rin»!nta  ahow  that  the  wnvve  in  the  ether  are  at  rij^ht 
aaglra  to  the  line  of  their  pro]>agation.  like  the  up  and  ilnwn 
m,  4rsve»  whieh  travel  along  a  itU'el  bar  when  it  ia  atruek.  or  the 
ft^onional  wave*  whi-u  one  of  ita  euds  ia  auddeuly  twixted. 
Hitlw  warm  in  Uie  etltrr   are   like    tliiwo   in   a   Kolid.     Tho 
E'V^ocity  of  a  wave  in  ordinary  matler  iit  proportional  to  the 
•qujUD  root  of  its  eluittieity  divided  by  its  density.     It  fol- 
low* from  the  bif^h  velocity  of  light  that,  if  we  may  apeak 
of  the  ether  aa  having  an  eloaticity  and  a  density,  the  former 
muat  lie  great  and  the  latter  aniall.     However,  we  are  apt  to 
build  lip  falae  notiona  in  applying  to  it  the  teniia  which  bav« 
ffr<iwn  lip  in  studyint;  the  phyaii-«  of  ponderable  matter. 

3SS.  The  Production  of  Ugbt.  --  Wv  arc  not  perfectly 
rert«in  jufct  Ituw  li>;ht  ia  prodiic-ml,  hut  the  following  theory 
givea  a  fair  pieture  of  matter  and  the  way  these  ether  wavea 
■Day  be  produced.  In  the  tinut  place,  matter  la  made  up  of 
mtdeculm  which  are  the  ftuialhiiit  maaaea  having  the  projier- 
lie*  of  ph>-8ical  bodiea.  In  all  ituch  phynieal  ehauge*  u  aub- 
dividing,  melting.  evB|>«irating,  etc.,  the  moleculea  are  not 
broken  up.  Uut  the  moleculea  ore  mndo  up  of  atoms  wbich 
aiv  th«  Rmalleat  uuita  involved  in  chemical  cliangvs.  and  in 
cbemioal  cbangM  the  molerulea  break  up  and  n<>combtne  into 
other  kinda  of  moleculea. 

It  baa  been  roenlioned  that  quite  rrcuotly  particlM  smaller 
than  •toma,  RBlh<d  atrpvA^t  or  rleiimta,  have  liern  shown  t.i.t 
•xici,  and  it  baa  lieen  found  tlut  they  \wve  WbouV  ot»  V\\q^w- 
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Bandth  the  inertia  of  a  hydrogen  atom.  The  evidence  so  far 
goes  to  show  that  the  atoms  of  many,  if  not  all,  elements 
are  made  up  of  the  same  kinds  of  corpuscles.  These  corpus- 
cles carry  (or  perhaps  are)  negative  charges  of  electriciiy- 
According  to  present  ideas,  developed  and  elaborated  particu- 
larly by  J.  J.  Thomson,  the  corpuscles  of  which  an  atom  is 
composed  are  in  extremely  rapid  revolution.  Tbcir  revolu- 
tion and  mutual  repulsion  (being  electrified  alike)  tend  to 
scatter  them,  but  it  is  supposed  that  tbey  are  in  the  midst  of 
a  more  powerful  positive  charge  of  electricity  which  attracts 
tiiem.  The  corpuscles  are  something  like  the  planets  iu  tlie 
solar  system  with  the  sun  representing  the  central  po6iti^'e 
charge,  though  the  analogy  ia  far  from  perfect.  Thtsw 
corpuscles  are  in  a  condition  of  equilibrium  whose  stahilily 
is  increased  by  their  rapid  revolutions,  something  as  the 
eqnilibiium  of  a  rider  balanced  on  a  bicycle  is  increased  by 
his  moving  swiftly. 

When  an  atom  is  not  disturbed  by  others  it  gives  no  light. 
But  if  it  strikes  another  atom  the  little  corpuscles  are  slightly 
displaced  from  their  standard  orbits,  and  tbey  oscillate  rap- 
idly around  their  regular  positions  until  these  motions  »n< 
destroyed  by  friction  with  the  ether.  These  small  oscilla- 
tions, which  have  definite  periods  depending  uniquely  on 
the  structure  of  the  atom,  produce  the  light  waves.  In  a 
rough  way  it  is  like  a  bell  rotating  around  its  axis.  If  it 
were  not  struck  it  would  produce  no  sound,  but  if  it  were 
given  a  slight  blow  the  particles  of  which  it  is  composed 
would  oscillate  rapidly  around  their  undisturbed  positions 
and  produce  a  sound.  The  pitch  would  depend  upon  the 
relations  of  the  parts  of  the  bell  to  one  another,  and  tlic 
vibrations  would  continue  until  they  were  destroyed  by  fric- 
tion with  the  atmosphere. 

323.  Light  from  &n  Incandescent  Solid  or  Liquid.  — In  a 
solid  body  the  molecules  are  so  near  together  that  their  mo- 
tioaa  are  restrained  by  l\\e.\i  ^ft\^\\\«ite„a.tid  they  always  keep 
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thtf  Mino  iKMilioiui  with  respect  to  one  another.  In  a  liquid 
body  tbe  tnoluL-ulos  are  atso  very  close  to)^ther  and  coii- 
ntly  interfere  with  the  movements  of  one  another,  l>nt  they 
n  tu>iv«  slowly  around  among  one  another.  When  llie  mole- 
Mlrit  jiwtle  against  one  nnother  tht^  iin)«ct«  produce  wnvem  or 
'  paliw*.  in  th«  ether,  which  ounstituU;  li^ht.  Hut  the  imiMcta 
alsu  BPt  the  littkt  coqitMcloH  in  mpid  uxcillalion  around  their 
pMitiitnH  of  wjnilibriutn.  nnd  these  vihrnting  corpusclisii  also 
produi'v  li}{ht  waves  in  the  ether.  To  take  the  rough  analogy 
of  the  twIU,  the  solid  or  liquid  body  correfjMindH  to  a  very 
great  number  of  bellit,  in  genera),  of  different  tyi>e*,  very  near 
toKPthcr.  The  heat  of  tlie  solid  or  liquid  body  corres]>ondii  to 
rapid  vibrations  of  the  bolls  as  wholes.  Sound  waves  sre  pro- 
dace<l  in  the  air  both  by  the  mutual  imiMCta  of  the  bells  &nd 

('*-»  by  tlie  vibtutions  in  the  bells  which  the  colliuons  set  up. 
The  problem  here  is  to  Und  the  ohara<-ter  of  the  light 
lilted  by  ■  aoUd  or  liquid  body,  and  it  will  lie  well  to  eon- 
t>r  first  IJm  case  of  the  bells.  Suppoite  they  are  n-lated  to 
ik  aaolher  ao  that  when  they  move  thoy  oscillate  and  eullide 
jny  tiiDM  m  aeound,  but  quite  irregularly  as  to  freiiuenoy 
iiBpwit.  The  result  will  be  tliat  the  vibrations  of  tha 
{ATta  of  bella,  which,  when  undiMturlied.  tuive  definile  [teriods 
Kod  hence  produce  tones  of  definite  pitch,  will  Ite  constantly 
•ubjevt  to  interruptions.  Conwipiently  HimiUr  sounil  waves 
•uceaed  each  other  afu-ir  all  aorta  of  intervals,  and  the  effect 
!■  •quivmletit  to  tbo  simultaneous  production  of  lonea  of 
•very  poaoiblo  pitch.  Similarly,  in  a  solid  or  liquid  body  the 
cnlltaiona  of  the  molecules  are  of  tbe  same  order  of  frequency 
«■  tbe  oacillatioiM  of  their  corpUHcIes  around  tht'ir  {lositianfl 
of  C(]uilil»riiim.  Tlie  rrsult  is  that  light  waves  sucrewl  each 
ler  after  all  |KMwible  int«r%'als,  and  all  colors  are  produced. 

Kilid  or  liquid  Ixnly  emits  all  colors. 
It  is  not  true  that  all  the  colom  are  etnittetl  equally.     Sup- 
pops  the  body  is  heated  only  a  little  ;    the  im^nKtj,  ol  \Vi« 
nuilecalea  will  not  be  n'oleat  enough  to  ^\c  ^Xw  coTyMa^n^ 
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OBcillations  of  much  Rinplitude.  The  result  is  that  they  do  not 
give  out  light  waves  of  great  enough  intensity  to  he  perceiTed 
hy  the  eye.  But  if  the  body  ia  heated  more,  the  hnpacts  will 
become  more  frequent  and  violent,  and  the  body  will  emit  a 
dull  red  glow.  With  increasing  temperature  the  cuUision:s 
will  be  still  more  fretjuent  and  violent,  and  the  color  of  the 
light  will  be  liigher  in  the  spectrum.  The  body  will  con- 
tinue t«  emit  waves  of  all  frequencies,  but  the  ones  which 
occur  in  greatest  number  will  be  related  to  the  tempei'ature 
of  the  source.  Consequently  the  character  of  the  light 
whieh  a  solid  or  liquid  body  emits  gives  some  information 
respecting  its  temperature.  The  hotter  a  body  is,  the  far- 
ther toward  the  blue  will  be  its  maximum  radiation. 

324.  Light  from  an  Incandescent  Gas.  —  In  a  gas  the  moli- 
eulea  do  not  sensibly  influence  one  another  except  at  tlie 
instants  of  collision.  Although  under  conditions  of  atmos- 
pheric pressure  and  82°  Fahrenheit  temperature,  the  molecules 
of  oxygen  collide  on  the  average  5  x  10^  times  in  a  second, 
yet  the  time  during  which  they  are  interfering  with  the 
motions  of  one  another  is  very  short  compared  to  the  whole 
time.  Since  light  travels  at  the  rate  of  I8f).000  miles  per 
second,  while  the  light  waves  are  about  ^^^^  of  an  iucb 
apart,  it  follows  that  a  luminous  body  emits  in  round  num- 
bers 6  X  10'*  light  waves  in  a  second.  Consequently 
something  like  lO'  light  waves  ai-e  emitted  between  collisions 
in  a  gas  at  atmospheric  pressure  and  at  the  temperature 
of  freezing  water. 

The  character  of  the  light  given  by  a  gas  is  quite  diffe^ 
ent  from  that  emitted  by  a  solid  oi-  a  liqiud.  The  waves, 
except  at  the  times  of  the  collisions,  are  produced  hy  the  little 
corpuscles  at  regular  intervals  depending  upon  the  structure 
of  the  atom.  The  frequency  of  the  waves  of  a  given  type 
determines  the  color  of  the  light.  Now  the  corpuscles  may 
be  oscillating  in  several  different  ways  in  the  same  atom,  ami 
ill  this  case  the  gas  wi\l  otqM  Rcvetti.  cAut*  KWRMitaneonsly. 
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I>)n'ereiit  kindii  of  ntoinx  giv«  fortli  lif^bt  of  difforcnt  colors, 
but  no  twu  ilifforent  kindii  of  atoms  givo  the  s»me  color,  just 
u  no  two  dilTorent  keys  on  a  {tiiiiio  giw  toucit  of  tba  name 
[>itcb.  (It  must  be  remembered  that  tliero  is  an  infinite  nuni- 
Iwr  i>f  colon  in  the  ftoiUK  tlmt  tho  word  "color"  istiHed  h»re, 
r  T  tlirrv  in  on  intinilt:  number  of  wave  lengths.)  When  the 
jht  gi\trii  out  liy  a  gaseous  mass  is  s<-p»ratvil  into  its  colora, 
Ih-  BulMtAuups  wbii:li  emit  it  can  bo  delnrmiiicd,  jOHt  an  tho 
]>uino  wires  which  have  Immjd  struck  can  be  determined  from 
tb'-  |itlcli  of  the  tonea  which  have  been  prodnced. 

A  ifaa  may  be  ]iictur<><l  in  a  rotigh  way  by  a  system  of  bells 
Uini;  BO  large  a  B|mce  that  they  are  far  apart  compared  with 
'  rir  dimensions.  The  bells  are  moving  rapidly  and  collide 
I  intervals  with  such  violence  that  they  arc  set  vibrating  no 
p  to  give  oat  sounda.  The  soundK  pnxluced  by  the  impacts 
I  relatively  ao  infreqitonl  a»  not  to  affect  sensibly  tho  geu- 
n*sult.  Tlifn  there  arc  a  number  of  tones  of  distinct 
Ich  pnKlnced  de^wDdini;  upon  the  namber  of  kinda  of  bciU. 
[ption  of  Light  by  a  Gu-  —  Consider  fint  a  heuvy 
dolum  of  aach  h-ngth  tlmt  it  naturally  muke«  complete 
'Utiona  in  aecomU.  SiipiWHie  it  is  at  rest  and  that  it  ia 
irk  UD  on«  shle  a  very  slight  blow  every  ha^  ifftrnd.  The 
t  blow  gives  it  aslight  motion,  and  the  second  meets  it  on 
I  reiom  swing  and  totally  destroys  ita  motion.  Thia  pro- 
I  IS  nrpeatcd  indefinitely  and  the  pendulum  in  never  mads 
i  vibrato  aenaibly.     The  reMilt«  are  similar  if  the  blows 

rot  any  oilwr  fmotiims  of  a  second. 
Now  aoppoM  tha  slight  blows  are  struck  once  eivry  ueoml. 
Tbs  fint  giTM  tbe  pendnlnm  a  very  slight  motion.     At  tho 
hmI  of  the  second  tlie  pendulum  is  ngun  moving  in  the  aanie 
•otion  and  tlie  neond  blow  addd  to  it«  motion.     This 
tinuea  until  tlie  ascilUUou  of  the  penduluiD  ia  to  great 
0  longer  takes  place  exactly  in  aecoods. 
The  aame  principles  are  illuatmted  in  man;  wa^a.     V't» 
cxamplt^  rather  anuU  wares  wlU  make  e  d^^  w\\  >m<^'S  ''^^ 
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their  period  is  the  same  as  that  ot  the  natural  roll  of  the 
ship.  Better  still,  if  the  key  of  a  piano  is  lield  down  and 
the  corresponding  one  on  another  piauo  is  struck  and  held 
down  a  few  seconds,  it  will  generate  air  waves  which  will 
give  rise  to  a  vibrntion  of  the  wires  in  the  first  piano.  When 
the  key  of  the  second  piano  is  released  so  that  the  felt  deail- 
ens  its  tone,  the  induced  tone  of  the  first  piano  can  be  heard, 
But  this  can  not  be  done  unless  keys  having  the  same  pit<;h 
are  used.  Suppose  some  instrument  produces  simultane- 
ously tones  of  every  pitch,  and  that  one  key  of  a  piauo  is 
held  down.  Its  ^vire  will  be  set  in  vibration  by  those  waves 
having  the  frequency  in  which  it  naturally  vibrates,  and  a 
large  part  of  the  energy  of  the  wave  will  be  used  in  over- 
coming the  inertia  of  the  wire  and  giving  it  motion.  There- 
fore beyond  the  piano  wire  this  particular  tone  is  feebler 
than  it  was  before.  Witli  a  whole  screen  of  similar  wires 
the  tone  of  the  corresponding  pitch  would  be  largely  ab- 
sorbed. 

Suppose  white  light  (i.e.  light  made  up  of  all  colors)  shiiies 
through  a  gas  which  is  cooler  than  its  source.  The  waves 
having  tlie  periods  in -which  the  corpuscles  of  the  atonis 
naturally  vibrate  will  give  up  their  energy  to  these  corpuscles, 
jnat  as  air  waves  give  up  tlieir  energy  to  piano  wires  whose 
natural  period  of  vibration  is  the  same  as  their  period.  The 
result  will  be  that  the  white  light  will  now  lack  certain  colors, 
and  the  important  thing  to  notice  is  that  thfy  are  pretiitiy 
the  onet  which  the  ga»  would  emit  if  it  were  luminous. 

328.  The  Spectroscope.  —  Tlie  spectroscope  is  an  instru- 
ment for  analyzing  itnd  studying  the  character  of  the  radiant 
energy  emitted  by  any  source.  Its  essential  parts  are  shown 
in  outline  in  Fig.  151.  A  is  the  source  of  light,  £  is  a 
Golliumting  lens  used  to  make  the  rays  parallel,  Sj  is  a  screen 
with  a  narrow  slit  «  (say  yjj  of  an  inch  wide)  running  per- 
pendicularly to  the  plane  of  the  jiaper,  and  J*  is  a  prism  on 
which  the  light  passing  tWow^V  «  falls.     The  light  is  spr 
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out  by  the  prism  into  ite  scitiinit«  culoni,  and  mny  bv  cAUfrht 
on  a  fwcond  scrcvQ  S^  or  viewud  tlirutiK'>  '^  toK-vicojM*  7.     In- 

Emd  nf  a  aingle  priiun  a  wbolo  train  of  tlicm  iiiny  be  used. 
In  auotltor  ty|)e  of  speotroscopo,  pt'rfoctud  by  Kowloiid,  a 
piitiiij;  "  U  iiMed  iiuitoad  of  a  prbini.  A  grating  is  a  slifrbtly 
mcavv  ]ii(Hii  of  ^{teoiiliiiii  tnetai  ruled  with  from  1:!.U00  to 
20,lKW  [nrnllvl  eijutdislant  liiiei*  Ui  the  iimh.  When  iiarallwl 
rays  fall  ii|H>n  a  };rntiiig  thvy  nre  ivfl(H-t«d  back  from  the 
I  botwoon  tbu  Unu«,  and  by  interference  fonii  a  spec* 
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The  fanlts  of  tho  prism  sp«ctro»cop«  an-  tbnt  tbii  colors  an 
not  refraL-l«d  strictly  in  the  invertie  projiortiou  lo  their  wave 
leugtha,  and  that  many  prianit  must  be  UMfd  to  gvt  l>i([h 
dt«|wrsion.  The  grating  ft)N>c'trownfie  pnKluMM  u  Hjwotruni 
through  tho  iiiturfcruuee  of  the  liifht  wavex  from  thr  surface 
between  the  lines,  and  possessiw  neither  of  the  faults  of  the 
prwiD  spectroscope.  I'nforlunatvly  the  grntin^  can  make  lue 
o{  only  a  small  part  of  the  incident  light.  Consequently  the 
ptiant  apcctroaoope  must  he  umhI  for  feeble  sources  nf  light 
■oeh    sa  the  sunt,  lu-bulas.  and  oi'mots.  while   the   )^ltng 

telroaoniM  may  be  UMrd  for  lite  sun  and  laboratory  sources. 

Jtird  kind  of  spectroM-ojM-  luu  been  tnrrnled  by  Mirhelson, 
'i  gives  the  highly  diapenM-d  H|iertram  of   the  ((rating 

llifiat  the  great  low  of  Unlit.  It  i-nnsistsof  a  ^lile  of  <s\vmV\<< 
',  BOcuialely  plane  pieces  uf  g\aits\)i\<eduv\\V«&,«<A\T<«v«- 
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327.  The  Bolometer.  —  Those  parts  of  the  solar  spectrant  to 
which  the  variously  prepared  photographic  plates  are  sensi- 
tive are  mapped  by  photography.  Hut  these  processes  have 
a  limited  range  of  application,  particularly  in  the  infra  red. 
In  order  to  investigate  this  part  of  the  spectrum,  Langley 
invented  the  bolometer,  which  shows  quickly  excessively 
minute  changes  of  temperature.  The  infra  red  speetrum  is 
allowed  to  fall  on  a  very  narrow  and  thin  piece  of  metal 
through  which  an  electric  current  is  passing.  The  resist- 
ance of  the  metal  to  the  current  depends  upon  the  amount 
of  heat  which  it  receives,  and  the  changes  in  the  current  are 
indicated  and  automatically  recorded  by  a  galvanometer. 

Langley  has  used  the  bolometer,  of  course  in  connection 
with  a  spectroscope,  with  rare  skill  and  perseverance.  Ha 
has  mapped  below  the  red  a  spectrum  twenty  times  aa  broad 
as  the  visible  part. 

328.  The  Principles  of  Spectrum  Analysis.  —  The  first 
theoretical  discussion  of  the  principh's  of  sjiectrum  analvsis 
approximating  to  the  truth  was  made  by  Angstrom  in  1853. 
The  principles  were  given,  substantially  in  their  present  form, 
by  Kirchhoff  in  1859.  He  established,  on  the  basis  of  certain 
assumptions,  the  law  that  the  ratio  of  the  absorptive  povfcr 
to  the  emissive  power  of  all  bodies  is  the  same  for  each  kind 
of  rays  under  the  same  conditions  of  temperatnre.  Instead 
of  following  him  in  deriving  the  principles  of  apectrura  analy- 
sis from  this  law,  it  will  he  simpler  for  us  to  attach  them  to 
the  theories  respecting  the  constitution  of  matter  and  the 
nature  of  light  which  have  been  described  (Arts,  321-325). 

Suppose  the  source  of  light  is  a  solid  or  liquid ;  then,  ac- 
oordiiig  to  the  principles  which  have  been  explained,  lighl 
waves  of  all  lengths  will  be  given  out.  After  the  liglit  passes 
through  the  slit  and  prism  (considering  the  prism  spectro- 
scope) it  will  be  refracted,  depending  upon  its  wave  length. 
Of  tlie  visible  light,  the  violet  will  be  refracted  the  most  and 
the  red  the  least.    ConseqaenUy  there  will  be  a  band  of  colors 
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\  [«iHliii^  ftliing  the  seiren  S^  at  rigiit  nnglea  to  the  lino  of  the 
-ii.     The  niaxiinaiu  iiitviisity  of  iUuuiitmtiun  deiwads  upoii 
th<:>  tcni{>emturi!  of  the  Mource,  beiii^  farther  towanl  the  i 
iet  the  hotter  the  nwIlattiiK  hoUy. 

The  uiM>  of  the  slit  is  now  clenr.  Kur,  siippuiie  there  were 
•notber  one  a  little  above  the  one  reprtiHetileiliii  Fig.  Inl.  It 
woold  ikdiiiit  to  the  ocreen  S^  another  ban«l  of  eoloni  a  little 
abort  the  linit  one.  ao  thai  the  irolorK  from  one  slit  would  fall 
on  different  viilorx  fnnn  the  other,  and  confusion  woalil 
rrault.  A  thin!  alit  wouhl  make  tlio  confusion  of  colora 
worse,  and  so  on.  Uut  a  wide  opeiijnj^  is  (Hguivaleiit  to  muiiy 
alit«  actually  tuui'hing,  and  if  one  were  uaeU  the  c^dont  would 
bevomixeil  u|>  lliat  the  light  would  be  white  except  at  the 
loasl  aiKl  ino»t  refracte<]  ends,  where  there  would  I*q  resiwo 
tiveljr  a  red  and  a  %-iolet  fringe  of  light. 

f  If  tile  source  of  liffht  is  a  gn»  and  givea  out  raya  of  but  a 
IVsv  difttinct  wave  lenffths,  the  whole  screen  .V,  will  be  nn- 
iUuminated  cxc«i>t  where  these  few  colont  fall.  Tluit  ia,  tlie 
sjieelrum  will  oiiuunt  of  a  aeries  of  bright  lines.  TIm  num- 
ber anil  iKwitioD  of  thvso  bright  lines  will  depend  upon  the 
••lure  of  the  gas  which  emits  them. 

If  the  y;ms  is  subjected  tn  conlinually  iaoreaaiug  presaure. 
will  become  constantly  denser,  and  the  light  wave«  pro- 
leed  directly  by  tlie  imjiarta  of  the  inolecules  will  become 
relatively  inorv  numerous.  1'he  periods  uf  vibration  of  the 
little  corpuaoliM  will  be  cliangetl  wore  and  more  as  the  gaa 
rottchea  the  h(|uid  state.  The  rvsult  on  the  spectrum 
be  that  the  lines  will  beootne  brooder  and  broader,  and 
will  finally  form  a  continuoua  spectrnm. 
Kup[)<iMe,  liually.  that  the  light  imnea  from  an  innindMc«Qt 
•olid  or  liquid,  and  |inw<i's  ihnmgh  a  cooler  gajt  lirforv  rrarli- 
ing  the  sfRK'trTMirope.  If  it  were  not  for  the  cimlrr  gas  intvr- 
powxl,  the  spectrum  would  lie  oonlinuoua,  but  ihia  gaa  absorba 
the  light  wavea  which  haw  the  same  {wrioda  »a  *iJtv%  fiaAM.-nN. 
peridds  of  its  <--oipu«:Ies.     The  nssuU  \s  t\»Jc  Xlbn  «\««Ax>w>^ 
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will  be  crossed  by  reUtively  dark  lines,  and  these  dark  lines 
will  be  precisely  where  bright  lines  would  appeur  if  light 
were  received  only  from  the  gas.  In  fact,  the  gas  itself  may 
be  incandescent  and  give  a  bright  line  spectruni ;  but  if  the 
solid  beyond  it  is  much  hotter,  the  gas  will  absorb  so  much 
light  energy  that  the  lines  will  appear  dark  compared  to 
the  intensity  of  the  bright  background. 

For  convenience  the  principles  of  spectrum  analysis  may 
be  stated  all  together. 

(1)  An  inaatidretrfnt  solid  or  liquid  (of  a  ffai  under  vtty 
yri-at  jirf»»ure')  give»  a  continuous  spectrum  whose  position  tf 
■marimum  intensity/  is  hiyher  in  the  spectrum  the  ffreater  tit 
temperature  of  the  tourer. ;  and  conversely,  a  continuous  spec- 
trum shows  that  the  source  of  light  is  a  solid  or  a  liquid  (or  t 
gas  under  very  great  pressure}. 

(2}  An  incandescent  gas  under  low  pressure  gives  a  bright 
line  speetrum,  the  positions  of  whose  lines  depend  upon  the  na- 
ture of  the  gas  (^and  in  some  eases  to  some  extent  upon  its  tem- 
perature, densittf,  and  electrical  condition)  ;  and  conversely,  a 
bright  line  spectrum  shows  that  the  source  is  nn  incandescent 
gas  {or  gasex)^  and  the  positions  if  the  lines  show  of  what  go* 
{or  gases)  it  is  eomposed. 

(?)  Light  from  an  incandescent  solid  or  liquid  shiningthrough 
a  cooler  gas  (or  gases)  gives  a  dark  line  spectrum,  thi-  positions 
of  whose  linesdependuponthenatureoftJie  gas;  and  eonverselj), 
a  dark  line  spectrvm  shows  that  the  light  has  romefrom  an  incan- 
descent solid  or  liquid  tliraugh  «  rooter  gas  (^or  gases'),  and  the 
positions  of  the  Hues  determine  the  nature  of  the  gas  (^or  gases}, 

3S9.  The  Doppler-Fizeau  Principle.  —  In  1843  Doppler  dis- 
cussed the  efl'ects  on  the  colors  of  double  stars  of  the  com- 
ponents of  their  motions  in  the  line  to  the  earth,  and  in  1849 
Fizeau  considered  the  effects  at  sucli  motiona  on  the  positions 
of  the  spectral  lines.  The  probloms  are  essentially  one 
the  names  of  both  the  German  and  the  French  phyt " 
now  attached  to  the  pntLcVy\c. 
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I,  Itnt,  that  the  receirer  of  the  light  is  at  rest  with 

D  vtti^r  nnil  ibut  the  sourcv  is  recedtng.     At  a 

I  inttaiit  itit  curpusclus  givu  furth  lightwaves  townnl 
the  rvceivttr,  aoit  a  Utile  Ut«r  mure  nimilar  wavea.  If  tlio 
•ourve  wttrc  at  rest,  the  waves  would  have  a  certain  disUiiiLi) 
«{>art,  ile|M>ndiiig  upon  thfir  freciuenc}'  and  tho  vekwity  of 
IJKht;  but  if  thu  «uun.-«  la  rtx-ediiij;,  the  (lifttancos  apart  nf 
thoOT  wavmt  which  go  buck  to  tho  receiver  is  increaaed.  That 
ia.  the  wares  reach  the  receiver  Ichh  frequently,  and  this  re- 
Milta  in  a  alight  change  of  color  toward  the  red  end  of  tho 
apectrum,  or  in  a  slight  altifting  of  the  piwitionii  of  the  K[H-e- 
1  line«  in  the  same  dire>ctiim.  If  the  source  were  approarh- 
[  the  oliMirvor,  the  xhift  would  Iw  in  the  opposite  din-ctiou. 
If  the  aotirru  is  stationary  in  thu  ether  and  llie  receiver  is 
lOving  fnim  or  towani  it,  tho  nwults  are  very  nearly  resjiee- 
wly  the  aame  na  when  the  rei'civer  innveH.  When  the 
piver  recedes  from  the  source,  I  he  itpe<>tnd  lines  are  shifted 
ward  the  red  end  of  the  »|iectrum,  aii'l  wlien  it  Mpi>ruaches, 
ward  the  violet  end. 
t  Let  y  represent  the  velocity  of  light,  r,  the  velocity  of 
I  auurce  away  from  the  reroiver.  r,  the  velocity  of  tho 
SBiver  away  froin  the  wmrce.  X  th©  original  wave  length. 
"  "  '  the  obaervlHl  wave  length.  Then  the  formula  reUt- 
[  tbcM  qnantittes  is ' 

I  —  r, 
a  velocity  nf  the  receiver  is  small  voni[Mired  to  tlie  enon 
s  velocity  of  light;  eon9e(|UPutly  I'—  e,  may  lie  replaceil 
'  I'  without  apprei-iahle  ermr.  I^t  e  b  r,  -f  e^  the  reU- 
B  nates  at  which  Uie  >ionroe  and  receiver  rrceile  from  each 
This  ()uaotity  e  is  called  the  ra-Hal  relnriii/.  and  It 
towa  from  the  formula  above  that  is  given  by  the  equation 
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This  method  can  be  actually  applied  to  measuring  the  radial 
velocities  of  the  stars.  Certain  lines,  which  are  known  from 
their  general  positions  and  relations,  are  selected.  Their  posi- 
tions, unmodified  by  radial  motion,  are  known  from  lal>ora- 
tory  experiments;  or  better,  a  comparison  spectrum  can  be 
obtained  beside  the  star  spectrum  by  sending  the  light  from 
some  known  gas  through  one  end  of  the  slit  at  the  same  time. 
When  the  difference  X'  —  X  is  measured,  v  can  be  computed, 
for  F^and  X  are  known.  If  v  comes  out  positive,  the  source 
and  receiver  are  receding  from  each  other;  and  if  negative, 
they  are  approaching  each  other. 

QUESTIONS 

1.  What  problems  are  solved  by  spectrum  analysis  that  can  notl>e 
solved  in  any  other  known  way? 

*J.  Oiilliue  the  theory  of  the  nature  of  light  and  the  manner  of  its 
I)roduction. 

'].   Why  do  incandescent  solids  and  liquids  give  white  light? 

4.  Why  do  incandescent  gases  give  only  particular  colors? 

5.  Exi)lain  the  absorption  of  light  by  a  gas. 

G.  Draw  a  diagram  of  a  spectroscope  with  two  slits  and  show  the 
confusion  in  tlie  images  which  would  result. 

7.  Trace  out  the  changes  in  the  spectrum  of  a  gas  as  it  is  subjected 
to  groaU^r  and  greater  i>re8sure. 

8.  Draw  a  diagram  illustrating  the  Doppler-Fizeau  principle. 

THE   CONSTITUTION   OF  THE  SUN 

330.  The  Different  Parts  of  the  Sun.  —  The  sun  is  an  enor- 
mous body  in  a  state  of  temperature  and  of  gravitational 
pressure  quite  different  from  that  of  any  material  on  the 
earth.  Tlie  problems  respecting  its  physical  and  chemical 
(H)nstitution  and  dynamics  are  of  great  difficulty,  and  can  be 
investigated  directly  only  in  those  parts  which  are  accessible 
to  observations. 

'J'he  apparent  surface  of  the  sun  is  called  the  photosphere 
(light  sphere').     It  is  t\\e  ^^t\;  N«\v^\.  %ys^"^  iorth  most  of  the 
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tii^t  and  hvat  which  the  sun  railmU-s.  It  i»  lli«  aurfuce  or 
tlic  tipaquu  part,  and  thu  dtmensions  of  the  sun  refer  to  it  ox 
the  liountUry.  The  rotation  of  th«  photosphcru  giv«»  us 
whftt  is  called  tJie  rotation  of  th«  sun. 

AUive  the  photoophere  lieti  a  nhfet  of  gatt,  probably  from 
£00  U>  lUOO  tiiilvB  tliiuk,  called  the  rtt'tniny  taytr.      It  con- 


ffdar^A*  r*rtm  Oitmhny. 


Uiiw  nuuij  Urrwtrial  vlfinrnts,  such  ao  iron  and  calcium, 
in  a  T^tormia  stat«;  stilt  it  is  coolvr  Uian  tho  underlyinf; 

photOVplKR. 

Oolaide  of  the  photosphere  is  another  layer  of  gas.  frnm 
fiOOO  to  10,000  mileH  deep,  called  tlie  e/iruatoiphtr*  (color 
•pWrc).     At  the  ti»a>  of  a  total  iM-Ujise  of  il»t  nun  it  is  wen 

^•a  a  brilliant  aoirlet  frinf^c  wh<w«  out«r  surfacw  auems  to  Im 

^Btoitm]  Hilh  vast  tungiu-a  of  tbune. 
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The  outermost  portion  of  the  sun  is  tlie  eoroHa  (crown). 
It  is  a  halo  of  pearly  light  surroimding  tlie  huii,  but  it 
can  not  be  seen,  owing  to  the  illumination  of  the  earth's 
atmosphere,  except  at  the  time  of  a  total  eclipse.  It  is 
of  irregular  form  and  gradually  fades  out  into  the  black- 
ness of  space  at  the  distance  of  from  1,000,000  to  3,000,000 
miles. 

331.  The  Photosphere. — Whenthesnniaexamiaed  through 
a  good  telescope  it  is  seen  to  present  a  finely  mottled  appear- 
anee  instead  of  the  uniform  luster  which  might  be  expected. 
The  brighter  parts  are  iutenaely  luminouii  nodules,  somewliut 
irregular  in  form,  500  or  000  miles  across.  These  "riw 
grains,"  as  they  have  been  called,  have  been  resolved  iut" 
smaller  elements  having  a  diameter  of  not  over  100  miles, 
and  these  small  granules  which  all  together  do  not  coustitute 
over  one-fifth  of  the  sun's  surface  radiate,  according  to 
Langley's  estimates,  ubout  three-fourths  of  the  light. 

The  photosphere  of  the  &un  gives  a  continuous  spectrum 
and  is,  therefore,  a  solid  or  liquid,  or  more  probably  a  gii» 
filled  with  liquid  particles.  It  can  not  be  a  solid  or  liquid 
such  as  we  know  on  the  earth,  because  of  its  enormous  tem- 
perature. Besides  this,  there  is  direct  telescopic  evidence  of 
continuous  and  rapid  changes.  The  cloudlike  nodules  which 
produce  the  mottled  surface  appear  and  disappear  with  rela- 
tive velocities  often  as  great  as  1000  miles  an  hour.  The 
pressure  can  be  inferred  from  the  fact  that  the  photosphcrt; 
is  buried  under  an  immense  atmosphere  which  is  held  down 
by  27  times  the  gravitation  to  which  our  atmosphere  b 
subject.  Still,  it  is  probable  that  the  photosphere  is  not 
simply  a  gas  under  great  pressure,  for  it  does  not  grade  by 
insensible  changes  into  the  overlj'ing  gases.  It  has  generally 
been  supposed  that  it  is  the  partially  condensed  vapors  of 
the  refractory  metals,  or  carbon,  somewhat  as  the  clouds 
in  the  air  are  composed  of  minute  drops  of  water.  The 
chief   objection    to    ibis  ^.Woi^  \&  iWt  all  the  evideuce 


TiiK  />ry 


xtSlMe  pointd  to  a  t«mp6mture  for  tlte  photoflphure  bigber 
ban  that  irqtiirvd  U>  vnitorize  nny  known  Hubtitani:t.-. 

It  is  cvrtiin.  liowvvor,  tlint  llie  pltoluophere  i»  tbe  surface 
••r  r«fpnti)  whicb  sepuratM  thu  inti-nsvly  beiatiMl  interior 
nim  tJie  relatively  cooler  exterior ;  it  is  th«  pltce  where  tbe 


•  ha*t  by  imdialion.      It  mtut  Itc  a  rcjfion  of  Ttotent 

I  eiirrvnta,  for  beat  roalil  not  bi*  ronJm^eit  to  tlie 

!  Koywhvre  nearly  ho  rapidly  ai  it  ia  niiltatinl  away. 

that  tbe  bright  nodule*  are  the  aumnxvVa  < ' 

vnt*  iriijob.  br  exptuuiion  Kni\  cooVvu^,  % 
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the  (solid  or  liquid)  xtate  wLere  they  radiate  most  rapidly, 
wiiile  the  darker  spaces  between  are  where  the  cooler  currents 
descend. 

333.  The  Dusky  Veil.  —  The  sun  i3  much  loss  luminous 
near  its  margins  than  in  its  center,  as  the  telescope  readily 
sliuws,  and  as  conies  out  remarkably  in  photographs.  Since 
the  suu  presents  all  sides  to  us  as  a  consequence  of  its  rnU- 
tion,  it  follows  that  its  light  is  absoHwd  by  some  medium. 
The  absorption  of  light,  which  is  estimated  from  the  way  in 
which  the  luster  changes  from  the  center  to  the  limb,  ia  very 
great,  amounting,  according  to  Vogel,  to  one-half  of  thai 
which  the  photosphere  radiates. 

The  dusky  veil  is  a  shallow  absorbing  layer,  for  the  exliuc- 
tion  of  light  increases  very  rapidly  near  the  snn's  edge,  aud 
elevations  of  the  photosphere  reach  nearly  tlirough  it  and 
shine  with  intense  brightness  almost  to  the  very  limb.  It  is 
not  merely  a  gas,  for  if  it  were  it  would  absorb  only  particu- 
lar rays  depending  upon  its  constitution,  whereas  it  absorbs 
all  rays,  though  the  blue  end  of  the  spectrum  the  most.  The 
result  is  that  it  rendei-a  the  sun  decidedly  less  blue  in  color 
than  it  would  otherwise  be. 

It  has  been  suggested  by  Hastings  that  the  aiisorption  is 
due  to  solid  particles,  that  is,  a  sort  of  smoke  floating  in  the 
atmospltere  above  tlie  photosphere.  But  again  the  question 
of  temperature  is  one  of  difficulty. 

333.  Sun-Spots.  —  The  most  conspicuous  objects  ever  sei-u 
on  the  sun  are  relative  dark  spots  which  frequently  appear  iu 
the  photosphere  and  last  from  a  few  days  up  to  several 
months.  The  average  duration  of  a  spot  is  a  month  or  t*-o. 
The  typical  sun  spot  consists  of  a  round,  relatively  black 
nucleus  called  the  umbra,  and  a  surrounding  less  dark  belt 
called  the  penumhra.  The  penumbra  is  made  up  of  converg- 
ing filaments,  or  "  willow  leaves,"  of  brighter  material,  ns 
though  the  intensely  luminous  photospheric  columns  were 
tipped  over  so  that  Itek  si4usi;<i\i.\.A.\ift  seen.    The  umbra  and 
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r  tnfirgo  into  each  other,  and  likc- 
"ounding  photosphere  have  a  fairly 
The  ambru  has  every  ap|>carance 
nf  bring  a  deep,  dftrfc  hole  in  the  pliotosphere,  and  tho  {le- 
nnmbra  u-vnifi  to  han^  out  ovvr  it  like  tliv  untrinimi^l  f  mU  of 
•  atraw  iliatch.      Un  thi?  otht-r  luind,  FroHt's  ubsLTViitioRH, 


vhiob  ibcrw  Uwt  Uie  Iom  of  li^^ht  from  spota  ai  tbejr  spproteb 
tha  sun's  liinb  ia  leoa  than  thai  of  the  ordinary  pliobv 
-pb>^rv,  indicate  that  they  are  reKions  of  tiniiitual  vlvvalioo. 
rrubably  ajKita  are  in  general  cm  plateau-like  [tortions  of 
ihe  sun,  and  have  relative  ilrpniDitniu  at  their  centeni. 

The  iiinbni  of  a  aun-sput  may  be  anywhere  fnun  500  to 
60.0fK)  niilni  acroaa ;  the  diameter  of  the  peniimbm  may 
raaoh  up  to  200,000  tntlaa.  Oft«n  a  aingle  v)«uutabt%  cnxv- 
ttiam  ntaoy  ambnu  in  ita  interior.    T\vc  Ky^oaxvanb  aV  »  «V*> 
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is  usually  preceded  by  brilUiiDt  points  with  intervening  small 
dark  points.  The  dark  points  increase  in  size,  unite,  and 
form  a  spot  after  a  few  hours,  or  perhaps  days.  The  dis- 
turbed area  generally  becomes  elongated  In  an  east  aud  west 
direction  and  several  spots  develop,  the  larger  ones  usually 
preceding  the  smaller.  In  fact,  the  larger  spots  rarely  ap- 
pear alone,  and  the  disturbed  area  occupied  by  a  suu-apot 
group  may  be  as  much  as  you  '^^  *^^  sun's  whole  surface. 
These  great  spots  may  be  seen  through  an  oi-dinary  sraotwl 
glass,  or  with  the  unprotected  eye  wheu  the  sun  is  near  ttie 
horizon.  The  Chinese  claim  to  have  records  of  observationa 
of  sun-spots  made  centuries  before  their  discovery  by  Galileo 
in  1610. 

The  umbra  of  a  sun-spot  is  dark  only  in  comparison  with 
the  glowing  photosphere  which  surrounds  it ;  a  calcium  light 
projected  on  it  would  appear  black.  It  radiates  more  heat 
per  unit  area  than  the  glowing  photosphere  whicli  surrounds 
it.  In  the  neighborhood  of  spots  the  photosphere  is  usually 
more  luminous  than  it  averages,  and  there  are  nearly  always 
in  the  vicinity  very  bright  elevated  portions  called  J'acuim 
(Fig,  153).  These  faeuhe  are  especially  conspicuous  when 
near  the  sun's  limb,  for  in  this  region  the  photosphere  is 
greatly  dimmed  by  the  extensive  absorbing  material  throiigb 
which  its  rays  must  pass,  while  on  the  other  hand  the  faculiv 
project  out  through  this  absorbing  material  and  shine  with 
but  slightly  diminished  luster. 

An  umbra  is  not  uniformly  dark,  but  under  good  coudi- 
tiona  shows  many  dettdls  and  often  many  small,  very  dark    I 
pits.     When  a  spot  is  about  to  disappear  the  photosplwre     i 
oncroftches  upon  it,  forms  bridges  of  glowing  materialf  and 
vnds    with    the   heaping   up   of    photospheric   clouds    intu 
facnljf. 

334.   The  Rotation  of  the  Sun.  — The  rotation  of  at  least 

Lthnt  ;uirt  of  the  sun  in  which  the  spots  occur  can  be  found  1 
from  tiieir  apparent  UaoeiV*  a«w»  \'^«.  i&aV.    \t  did  not  take  J 


nlwenren  Ion;;  to  dnd  Uiat  the  aim  tarns  on  its  nxis  from 
wnst  tu  east  in  alxml  2-'>  <la}'8  ;  but  oltwrvvrs  imini;  tlif- 
fprvnt  spotx  irrived  m  rvmillM  iliKU(;refmff  by  u  day  or  two, 
Aboat  M  yRsrs  af;o  Curriiigton  made  a  sttriiM  of  iili9erva< 
tiotu  sDfl  mi!iwiiroini-ot»  of  [MwiitiouH  of  Hun-Hpots  covering  ■ 

Siod  of  tt  ycara.  From  the  ^reat  masH  of  dntn  secured 
fuund  that  the  time  it  taken  n  Kpot  to  gn  Around  the  nun 
teuihi  u)io»  it«  latitude,  being  Ioniser  the  fartticr  it  vt  from 
th«  niualor.  Thio  "(-quntonal  iicoeleratiou"  is  similar  to  that 
orcurrinK  ou  Jnpitvr  and  Saturn,  though  th«  rotative  drift  i» 
Icaa.  Thv  nveragn  pt-riml  of  the  spota  oliserved  by  Carring- 
loo  waa  25  da.  1^  hr.  53  m.  The  obitervaliomi  of  many 
aatrononiers  show  that  eipota  near  the  equator  revolve  in 
about  25  (Uyft,  thoM  in  latitude  KO"  iu  aliout  HG.H  days,  and 
tbo»i>  in  Utituili'  4it'  in  about  27  day*.  SpoU  are  not  acnn 
in  latitudiw  highvir  Uinn  46*. 

Thr  n>tatiun  of  thu  sun  liaa  l)cen  d«tcmiin«d  from  tibserva- 
ticitta  of  lite  faculiv,  wliioh  irertainly  ocrujiy  a  higher  level 
than  the  aiHita  which  lie  in  the  phutospliifre.  The  photo- 
Ifrapha  of  iteUipi>Uky  and  StratonuCf  show  tliat  there  it  an 
equatorial  ac««ileration  of  the  faeala%  hut  that  their  [lerioda  of 
nvolutinii  »eeoi  to  be  a  little  lean  tlian  thnite  of  tlie  i»))Ots  in 
oormponding  solar  latitudes. 

Tb«  m-ent  remarkable  dovelopmeuts  of  spvvtroKopic 
metliMls  have  forniahed  still  a  third  method  of  measuring 
the  rotation  of  the  nun.  As  a  consi-quonce  of  it^  motion. 
urw  limb  at  the  sun's  equator  approaches  ua  at  the  rate  of 
about  I.S  milea  [wr  Mcond,  while  the  other  receilea  with  tlie 
^^D«  Telocity.  AIkito  the  phutoHphere  are  rooter  gaws  which 
alMorb  same  of  the  sun's  light  and  proiluee  dark  lines  in  ita 
>l>ectram.  Fnim  dett-rmi nations  of  the  radial  veli>citi«a  at 
tlK  two  limln  by  moans  of  the  diaplacementa  of  ihew  liiwa. 
ibe  rate  of  rotation  can  be  found.  Although  prH:iae  quanti- 
toltTfl  reaolla  can  noC  easily  1m  obtained,  ^et  \.b«\  iW'w  vtx 
•qushfria)  aoceJeraCJoa  liiie  tliat  of  Um  <A.Wt  uk^^q^^  ''a^ 
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also  the  remarkable  fact  that  the  peritxls  of  re%'olatioa  at 
correspondiDg  latitudes  are  somewhat  greater  than  those 
derived  from  the  observation  of  spota. 

The  reason  that  the  sud  rotates  in  its  peculiar  niaauer  is 
not  at  present  known.  There  is  nothing  connected  with  its 
contraction  or  radiation  which  will  explain  its  peculiar 
behavior.  Under  the  hypothesis  that  the  son  is  a  mixture 
of  fluids  in  equilibrium,  the  work  of  Wilaing,  Samson,  and 
Wilczynski  shows  that,  if  it  does  not  rotate  as  a  solid,  at 
least  cylindrical  portions  of  it  do.  That  is,  every  particle  at 
a  given  distance  from  the  axis  of  rotation  will  have  the  same 
period.  It  was  fouud  also  that  the  friction  between  the  dif- 
ferent layers  will  not  wear  down  the  differences  of  motion 
appreciably  in  millions  of  jeai-s.  This  theory  a.ssumes  that 
in  some  more  pnmitive  state  the  outer  zones  had  a  faster 
revolution  than  the  inner,  from  which  it  follows  that  there 
is  still  an  equatorial  acceleration.  But  the  material  of  the 
sun  must  be  mixed  by  violent  convective  currents,  and  it  is 
not  clear  that  these  vertical  currents  might  not  rather 
speedily  bring  about  uniformity  of  rotation.  Moreover, 
according  to  this  theory,  the  absorbing  layer,  which  lies 
above  the  level  of  the  spots,  should  rotate  in  a  shorter  period 
than  the  periods  of  the  faculii-  and  spots  in  corresponding 
latitudes.  But  the  spectroscope  seems  to  show  that  the 
periods  uf  the  reversing  layer  are  greater  than  those  of  the 
spots   in   corresponding   latitudes. 

Notwithstanding  these  dlfBculties,  no  other  theory  at 
present  is  so  satisfactory  as  tliat  the  sun's  peculiar  rotation 
is  the  heritage  of  more  extreme  conditions  which  prevuled 
in  the  remote  past. 

The  three  methods  give  sensibly  the  same  position  for  the 
solar  equator.  Its  inclination  to  the  plane  of  the  ecliptic  is, 
according  to  Carrington,  7°  15',  and  the  longitude  of  Its  as- 
pending  node  is  73°  40'.  The  sun's  axis  is  directed  toward  a 
point  almost  midway  Wtweew  ¥y\M:\a  wii  Ve^a  ;  it  will  be 
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remoinbeRKl  thiit  the  Min  is  movinfr  iimrly  in  tlio  direction  of 
VegK.  About  tlii'  6ni  of  June  unci  Dec«mber  tho  earth  is 
in  the  plane  of  the  sun's  equator,  ami  spou  appear  to  travel 
Derosa  tbtt  sun's  disk  in  straight  lines  ;  from  Jnnu  to  Deccin- 
Wr  the  apparent  fMths  curve  downward,  and  from  Decem- 
ber to  June  upward. 

335.  The  Distribution  and  Periodicity  of  Sun-spots.  --  Tlio 
sp(»ta  on  thv  sun  uru  dlslribuU-il  in  u  ivmurkitMe  uiiuinL-r, and 
tbis  distribulicm  U  related  to  thoir  iiumt>erm  wtiii'h  vary  pori> 
odidUlr,  aa  Schwalte  iirst  aanouuced  in  IKntf.  When  tlie 
spots  are  most  numeruuH,  and  larf^est,  thi'y  nfjirly  nil  np|H'ar  in 
two  tiarrov  zunoa  whoM  solar  latitudes  are  about  ±  lii°.  At 
these  timee  there  are  nearly  always  from  6  to  15  gnniiM,  and 
from  lo  to  100  indtridual  spots  (Fig.  153).  After  about  11.11 
ycMBioa  the  average,  the  spots  again  appear  in  large  numbers 
in  tht*  mme  tonea.  Kut  somfltimes  the  inti^rval  belweon  snc- 
ccaaiTe  maxima  ts  as  eliort  as  seven  years,  and  then  the  latter 
tnaximnm  is  very  pronounced,  as  if  a  fixed  amount  of  snn- 
K|iot  activity  had  bei-u  crowded  into  a  sbortrr  interial. 
SometimMt  the  interval  Itetween  aucceiwivc  maxima  Is  as  great 
aa  l(t.5  years,  and  then  tlie  latter  maximum  is  less  marked 
than  ordinarily.  Tlicrv  is  a  Ic-kj  strongly  markcnl  cycle  whoso 
period  is  5  X  11.1  =  •'iS.^  years,  and  one  is  suM)>ecled  having 
a  period  of  4  X  55.5  =  222  years. 

After  a  sun^pot  maximum  luui  passed,  the  Kpots  appear 
ye«r  after  year  for  alxiut  five  years,  on  the  averuge,  in  sue- 
ossnively  lower  lalitudeA,  and  they  art-  continually  Ii-mi  nunif  r- 
At  about  tho  sixth  year  a  few  an-  still  vi^iiblv  in  lali- 
i  a",  and  a  m'w  cych*  startx  in  alxiut  latilttdes 
kS5*.  After  this  the  H|kota  in  the  low  latitudes  disappear. 
"  ■  spots  in  tlw  higher  Utitnde«  incn-aiie  in  numbers,  and 
■mr  in  hiwer  and    lower   latitudes   until    the   maximum 

tivitjr  is  reached.     The  areas  L-uvere*)  by  spots  in  yean  of 

kximam  activity  are  front  15  to  45  titaes  Uknm  eorerad  in 
s  of  niuimum  activity. 
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Since  accurate  records  of  the  numbers  and  dimensions  of 
all  tbe  8un-spot3  have  been  kept,  tbe  sun's  southern  bemi- 
sphere  has  been  somewhat  more  active  than  the  northern. 
For  example,  from  1874  to  1!>02  inclusive  there  were  20 
different  yeai's  in  which  the  total  area  covered  by  spots  in 
the  southern  hemisphere  was  greater  than  that  in  the  north- 


Fm.  l.Vi.  —  Mfluiidcr'a  Figure  shuwing  Iho  Diilrlliution  nt  Siin-<pol«  in  Lalii'ide 
anrl  Uieir  B^lalive  DimenslonB  (ram  187T  lo  1902.  The  piisltinDB  of  the  linis 
slion-iboclnUui  aiid  laUtudeB  o(  Ihe  spots,  while  their  leu^dis  Kr«  pmjMrUaDal 
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ern,  while  the  opposite  was  true  in  only  nine  years.  For 
this  entire  period  57  per  cent  of  the  total  spot  area  was  in 
the  southern  hemisphere  and  43  per  cent  in  tbe  northern. 
That  is,  the  activity  in  the  southern  hemisphere  was  about 
one-third  greater  than  that  in  the  northern.  Whether  thia 
difference  is  jrarmanent  or  what  It  means  can  not  at  present 
be  determined. 


ras  svs 


421 


3SS,  The  Proper  Motions  of  Sun-spots  ud  tbelr  Interul 
Motions.  —  Iiiiliviilciiil  sjiou  drift  Ivotli  in  lutilmle  ami  longi- 
tiiilr.  iiiii)  tjfu^n  linve  i-i>miilicule>l  ttml  violent  iiiU'riiitl  ino- 
tioDs.  Ab  a  rule,  thtwo  kjioIs  wh(M«  latitudes  are  k*wt  than 
20*  dri(t  slowly  toward  the  oc|uator.  and  those  which  are  in 
higher  Utitnilea  away  from  it.  There  are  frequent  exre|>> 
L  lionit  to  thane  statements,  and  th«  motiun  of  luiy  jwrticulnr 
lat  may  be  irrcfifiilur. 

S)>ot«    ^nenilly   have    motions    in  lonffitude  soiuowhat 

'  diffenrnt   from  the  avuragc  of  thiwo  which  appear  in  their 

latitude.     In  a  tarffc  K'*'*''!'  ^he  spot  which  ia  alicatl  usually 

h*«  a  proper  motion  forward,  while  the  one  which  ia  l>ehiiid 

_■   lags  rnntiuually  farther  in  the  rear.     If  a  lar^  iti>ot  divides, 

bjiB  two  cumpimenta  reoeile  from  each  other,  sometimes  ut  thu 

Hlsttf  of  a  thousand  miles  im  hour. 

^^L  Suo>s|M>ta  sometimes  have  spiral  motions,  hut  the  phonome- 
^HpB  eaa  scarcely  bo  said  to  be  characteristic,  for  leoa  than 
^Uper  cent  of  them  show  it.  Moreover,  the  whirling;  may 
^HBeonfined  to  a  portion  of  the  iipot ;  it  may  nuddculy  develofi, 
stop,  and  eren  start  in  the  opposite  direotion.  Sun-spots 
seem  to  have  no  analogy  with  terrestrial  cyclones. 

As  has  been  stated,  the  sun  must  bo  ajrituteil  near  its 
■iirfaoa  by  vertical  uonviM'ti^m  currents.  In  the  nei^hbiir- 
hrxtd  of  spots  these  vrrtieal  motions  ar«  oftvn  very  violent. 
Tho  spe<!tr(«coiie  shows  tluiL  sometimes  nuisses  of  incamlfa- 
e«nt  gas  rise  from  siM>tji  or  descend  into  them  with  velocilivM 
as  ffre«tas  SOO  miles  jier  second. 

M7.  Th«  RevcrsiB{  LtTor- — In  1802  Wollarton  stwliej 
sunlight  by  paming  it  through  a  narrow  slit  instead  of  a  pin- 
bole  as  Newton  had  done.  He  found  that  the  solar  speo- 
tnun  is  fironsed  by  7  dark  lines.  In  a  few  yean  the  work 
was  tJtkeii  up  by  Fraiinhofer,  who  soon  found  tliat  the  s]M!C- 
irum  is  ooven>d  by  an  immirnse  number  of  dark  lines.  Ilu 
mappml  32-4  of  litem  in  ISIn,  and  tltey  havu  since  lievn 
known  as  *■  Fraunhufur  linvs."     A  gTi»V\^  xtuv'^o'^^  ™^  "^ 
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these  lines  was  made  by  Kirchhoff  in  1861-1862,  and 
another  by  Angstrom  in  1868.  !n  1886  Laugley  mupped  tie 
spectrum  with  the  aid  of  his  bolometer  far  into  the  infra  red 
region,  and  in  1886, 1889,  and  1893  Howhmd  published  cxttn- 


sive  and  very  accurate  maps  from  measurementti  of  the  spec- 
trum obtained  with  his  powerful  grating  spectrosciope. 

The  spectrum  of  the  sun  ie  continuous  except  for  the  ven- 
numerous  dark  lines  which  cross  it.     Therefore,  in  accord- 


Fio.  167.  — ThB  b-Qroup  ol  Lines  a: 


u  by  a  Powerful  Qntlng  Spootro«c(>pH. 


ance  with  the  principles  of  spectrum  analysis,  the  photo- 
sphere of  the  sun  is  liquid  or  a  gas  under  great  pressure, 
and  a  cooler  gas  intervenes  between  it  and  us.  The  posi- 
tions of  the  lines  show  that  they  are  due  to  many  hea^'j 
metals,   and  since  they  m\iBt  be  In  a  vaporous  conditaoa 


THK  sun 
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t  this  ftlMorjitiou,  it  follows  that  tbey  «re  in  th» 
Mn  InHtvail  oi  ill  our  own.      This  absorbing 
mateiial  b  Uw  rtvertinff  laytr. 

If  tliB  revcniug  Inyvr  ouultl  be  viewetl  not  projected  on 
llio  brilliant  photoaplivre,  it  would  |;ive  a  bright  line  Hjieo- 
Iniin,  the  bright  line*  appearing  ex»utly  at  tlie  plavva  onli- 
iiarily  i>cfupii;U  by  tb«  (rvltttively)  dark  liiiiw.  At  tht<  ttital 
(.■i.'ti|iM*  iif  the  sun  in  1870,  Young  pUctnl  tli«  slit  of  hia  8[>oo- 
tr>>M.-o]ie  tanjfvnt  to  kbo  limb  of  the  nun  ;  jtut  as  the  moon 
rut 'iff  ibe  ladt  iif  ibi;  phutosphcre  the  H[H>ctrinn  ituddcnly 
daitlitnl  uUL  iu  bright  lines  wberu  tbu  dark  oiieN  had  iircvimiKly 


■ppokred.  Sinnc  1K05  the  bright  linen  of  therevening  lajl 
baVB  besn  fn<qtiMitly  iihotogrNplifd,  showing  tlw  id<!uljty  a 
tbeir  pnaitioiui  with  the  FmuiihofiT  liiivs.  From  the  dunk 
tion  of  their  apitearam-c  as  bright  lines  and  the  known  rat« 
at  whidi  tlie  moon  apparently  panaeti  acrtna  tbo  disk  of  tli« 
aun,  it  ia  found  tttat  the  reversing  layer  ia  ffomo  500  or 
tiOO  milea  deep.  I'rubably  the  duaky  veil  ia  below  and  mixed 
with  tlie  revnraing  biyer,  though  their  aiatorjition  diffara 
'i>«tlr  in  an  imiKirtunt  n'«pect.  The  rontinnoua  aliMirp- 
>n  uf  t)H<  dusky  veil  U  many  (old  gnsatvr  n«ar  the  sim's 
iiib  than  Dear  lU  eentt-r,  while  the  aelective  absorption  of 
'.  tie  Kveniag  layer  is  very  nearly  utiiform  over  tho  wlwlo 
■•iirfactt. 

Tlte  speetroaeope  alwwa  that  the  reveraiof;  layer  oontaioa 
the  must  rDfractory  kiiotto  mnteriaVa  m  a  \w^(»Qra»tfJk}*i'^^h> 
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at  present  it  is  assumed  that  the  photosphere  is  both  consid- 
erably hotter  and  in  a  partially  condensed  condition.  An- 
other  peculiarity  is  that  the  Fraunhofer  lines  show  that  the 
reversing  layer  is  in  a  fairly  quiescent  state,  while  the  photo- 
sphere below  it  is  in  a  condition  of  violent  agitation,  and  the 
chromosphere  above  is  the  seat  of  enormous  eruptions.  If 
the  reversing  layer  is  an  atmosphere,  it  follows  from  the 
great  gravitative  power  of  the  sun  for  matter  at  its  sur- 
face that  it  should  be  millions  of  times  denser  in  its  lower 
parts  than  in  the  higher  regions.  But  the  absorption  lines 
indicate  that  the  difference  in  density  is  comparatively 
slight. 

338.  Chemical  Constitution  of  the  Reversing  Layer.— 
Shortly  before  his  death,  Rowland  was  engaged  in  making  a 
new,  though  *' preliminary,"  map  of  the  solar  spectrum.  In 
this  map,  which  he  left  unfinished,  the  positions  of  nearly 
20,000  lines  were  given.  Something  like  one-third  of  them 
are  due  to  the  absorption  by  our  atmosphere,  and  the  remain- 
der to  the  reversing  layer.  By  comparing  their  positions 
with  tlie  positions  of  those  which  laboratory  experiments 
show  the  various  elements  give,  it  is  possible  to  infer  the 
eht'inical  constitution  of  the  material  producing  the  absorp- 
tion. In  this  manner  39  terrestrial  elements  have  been 
shown  to  exist  in  the  sun.  The  elements  which  have  been 
found  and  tlieir  atomic  weight  are  given  in  the  table  on 
the  following  page. 

The  presence  of  iron  is  established  by  more  than  2500  line 
coincidences,  calcium  by  75,  sodium  by  13,  while  lead  and 
potiissiuiu  have  but  one  line  coincidence  each.  It  will  be 
noticed  that  nearly  all  the  elements  in  the  list  are  metals, 
tlie  exi'e[)tions  being  hydrogen,  carbon,  and  oxygen.  On 
the  other  hand,  a  number  of  metals,  as  gold  and  mercury,  are 
missing.  Likewise  such  non-metals  as  nitrogen,  chlorine, 
Kulphnr,  and  baron  do  not  appear,  although  they  are  found  in 
nhundmicc  on  the  earl\\. 
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While  Ltitf  prMetiLiff  of  the  apertrol  Hnea  of  an  element 
jiniTra  ila  rsistcnoe.  tlwir  aljsetice  does  nut  show  tliat  it  iIikm 
uol  exut.  In  tbe  tirat  iiUcc,  sach  heavy  inutjtla  as  gold  and 
ury  would  liave  n  Btnuig  t«nd«iiry  to  sink  livliiw  the  level 

th«  ruvrrntig  Uyer.  Then,  agniu,  the  fharwl«mlic  M]>fc- 
>f  many  eleiDCnts,  jNtrticularly  non-metals,  an' Htij)pra»ed 
by  the  presencv  of  certain  other  elements.  jinrticuUrly  met- 
■U.  Sometiinca  a  very  amall  jiervvntage  of  the  BUpprewiing 
mgrot  i»  aiifHirii-nt  to  olilitrntte  the  spectrum  of  anottHT  sub- 
tftant^.  Somr  elenipntii  have  spectn  which  elianj^  radiiitlly 
Hntli-r  dilTervnl  wuditii^nn  of  lemi»erature.  preMurv.  and  elec- 
triral  exrilation.  One  of  the*e  is  oxvffen.  whose  preArncv 
in  the  aun  wm  not  tirmly  ■■«tablished  until  lKi<T,  althoatch  it 
WM  diligently  Kougfat  for  by  numj  (AwetNei*.    Ywwi&i-^N** 
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Lockyer  has  suggested,  many  of  the  so-cnlled  elemeDts  may 
be  in  reality  compounds  which  are  broken  up  under  iiiv. 
extreme  condttiona  prevailing  in  the  suu,  and  in  this  uma- 
ner  their  characteristic  spectra  destroyed. 

The  reversing  layer  is  undoubtedly  constantly  receiving 
material  from  below  and  above,  so  it  is  safe  to  say  that  its 
composition  is  not  qualitatively  diflferent  from  that  of  the 
remainder  of  the  sun.  It  is  interesting  that  so  many  terres- 
trial elements  have  been  found  in  the  sun,  for  it  shows  that 
the  earth  and  sun  probably  have  bad  a  common  origin.  The 
fact  that  about  40  terrestrial  elements  have  not  yet  been 
found  may  be  accounted  for  in  several  ways  besides  assuming 
that  they  do  not  exist  in  the  sun.  There  are  12.000  Fraiin- 
hofer  lines  which  have  been  measured  but  not  identilied,  and 
also  a  vast  number  of  faint  ones  wliich  have  not  been  meas- 
ured. There  also  remains  an  enormous  amount  of  laboratory 
work  to  be  done  on  the  spectra  of  tlie  elements,  particularly 
under  extreme  conditions  of  temperature  and  pressure, 

339.  The  ChromoBphere.  —  Above  the  reversing  layer  lies 
the  chromosphere,  a  gaseous  envelope  5000  to  10,000  miles 
in  depth.  At  the  time  of  a,  total  eclipse  it  can  be  seen  as 
a  brilliant  scarlet  ring  surrounding  the  sun,  and  its  surface 
seems  to  be  seething  with  tongues  of  leaping  flames. 

The  spectrum  of  the  cliromospliere  is  made  up  of  bright 
lines,  some  of  which  are  permanent  while  others  come  and  go, 
The  permanent  lines  are  mostly  due  to  hydrogen,  beliuni. 
and  calcium.  The  intermittent  lines  are  mostly  bright 
"reversals"  of  the  dark  Kraunhofer  lines  (see  Art.  341  j. 
They  are  due  to  many  elements  which,  while  highly  heated, 
hnve  been  thrown  uj)  through  the  reversing  layer.  The 
color  of  the  chromosphere  is  largely  due  to  a  red  hydrogen 
line.  There  is  always  a  bright  yellow  line  near  those  given 
by  sodium,  which  was  ascribed  to  an  element,  unknown 
on  the  earth  until  1895,  called  heUum  (from  helioa  =  sun), 
because  it  waa  found  oriVj  m  tVe  witi.    In,  March,  X895,  on 


exuntning  the  spectrum  of  tbc  minftra]  elevitu,  Ranutay 
fuunil  thU  bi-liuni  line.  It  was  then  a  problem  of  L-bptniatry 
to  w^jiante  tbin  bitb<'rto  unknown  element  and  Ut  Bntl  its 
|)ropi*rtiea.  Helium  was  found  to  bave,  next  to  hydrogen, 
thr  luwvst  atomir  weight  of  any  known  element.  It  is  very 
i»active.vnt«riti|;  into  no  known  ebemiod  i-nmbinationN  with 
iMb«r  elements.  It  baa  tbv  lowest  rvfructive  index  of  any 
known  subntancc.  and  is  an  (•xccllviit  Londuclor  of  electricity. 
lu  ratv  of  diffusion  is  15  times  its  theoretical  value,  while 
it«  aolubility  in  water  is  almost  i-ero.  It  is  the  only  gas  that 
>•»»  be  obtained  in  considerable  ([uantities  which  has  not 
hcca  lit)urtie(l.  When  the  element  nulium  disintegrates, 
I  is  one  of  the  produots. 
It  is  a  rvmarkable  fact  tliat  calcium,  which  in  the  gaseoua 
y  is  40  timwt  as  heavy  as  hydrogen  under  similar  con- 
tioiia,  ia  HO  widely  lUffused  throughout  tlie  tennous  ohromo< 
It  is  at  Itsost  coextensive  with  hydrogen  and  helium. 
i  arems  tliat  for  some  reason  gravity  ifi  almost  entirely  bal- 
rd  by  op|NH>ite  tendencies  in  these  regions.  This  conclu- 
iup)Kirt«l  by  the  fact  tliat  the  enonnons  cbromoaphere 
i,  like  the  revening  layer,  nearly  tbo  same  density  at  all 

A  further  remarkable  fact  is  that  helium,  which  is  univer* 
Uy  [imient  in  the  cbromospbere.  gives  nu  diu-k  Fraunhofor 
lines.     Tliis  seems  to  be  a  direct  contradiction  of  KirvhbolTs 
Law  which  hailds  Inie  in  other  known  cases. 

MO.  PwJawcw.  —  In  shar])  contnLst  with  the  qttieacent 
condition  of  the  reversing  layer,  the  rhromoaphere  is  in  a  state 
uf  Tiiilent  eommntion.  Vast  eruptions,  called  yromimritctM, 
tim  up  from  it  to  altitudes  of  from  i>(t,(>00  to  3<>0,(M)0  miles, 
with  velocities  Mmietimes  as  gn-at  as  5U0  or  600  miles  |ier 
MK^md.  U  the  materials  of  whtoh  the  prominences  are  com- 
posed did  not  encounter  some  resistance,  their  enormoas 
velocittea  would  carry  tbem  away  from  the  sun  nevsr  to 
ntiun  (we  Art.  1U>. 
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Prominences  were  formerly  visible  only  at  the  times  of 
total  eclipses  of  the  sun,  for  the  illumination  of  the  earth's 
atmosphere  extinguishes  them  at  other  times.  But  it  the 
light  from  the  limb  of  the  sun  is  passed  through  a  spectro- 
scope, the  prominences  can  be  seen  at  any  time.  The  spec- 
troscope spreads  out  and  correspondingly  enfeebles  tlie 
continuous  light  of  the  atmospheric  illumination.  The  light 
of  the  prominences  is  made  up  of  bright  lines  whose  intensity, 
therefore,  is  not  diminished  by  the  spectroscope.  Conse- 
quently the  atmospheric  illumination  may  be  reduced  so 
that  the  prominences  are  viaible. 


I 


Fio.  IW.  —  Solar  Proiniuennwi.     Photugraphed  by  Ft, 


■kf.t  Obtnatory. 


The  velocitieN  in  prominences  are  determined  both  from 
apparent  motions  perpendicular  to  the  line  of  si^ht.  and  aluo 
from  line  displacements  iu  accordance  with  the  Dnppler- 
Fizeau  principle.  In  any  particular  case  the  actual  motion 
is  the  resultant  of  the  two  components,  which  are  generally 
of  the  same  order  of  magnitude.  It  must  be  admitted  that 
the  velocities  found  are  suspiciously  large  for  the  actual 
motion  of  material,  but  no  other  satisfactory  explanation  of 
the  phenomena  has  been  suggested. 

Not  all  the  prominences  are  eruptive.  Besides  those  , 
which  buret  out  suddenly,  rising  to  great  heights  and  quickly 
subsiding,  there  are  others  called  quiescent  prominences 
which  spread  out,  like  the  tojts  of  banyan  trees,  with  here 
and  there  a  stem  reaching  to  the  denser  regions  l»elow. 
Carional^  they  sometimBa  aeeBi  \/^  daveloy  at  great  heights, 
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portion  of  the  sun's  image  wliich  falls  on  the  fimt 
BIiectrosco[xr. 


f 


(1  Ellermsu.     Tlie  duq 


In  Fig.  KiO,  .Vis  tlie  image  of  the  eun  at  the  focal  j 
of  the  teUiacojic,  A  is  the  slit  of  the  spectroscope  (the  pi 
ai-e  not  shown),  T  is  the  cpuctruni  wliieh  falls  on  the  sc 
£,  Ris  a  slit  in  the  screen  B  which  is  adjuster!  so  th 
ailinits  the  bright  centsT  ol  tVe  A.owVil'j  ceversed  JT-Une, 


I  which  the  K-Vtnt  fnlls. 

ihe  slit  A  may  be  moved  acriMs  t    

0  fliil  R  Mimullnnruuttly  niuveil  to 
!  JT-iine  fallii  on  succowiivi-ly  ilifferi'nt  parts  of  Uie 
lujthit;  pUlu  /*.     la  this  manner  n  phutogniph  of  thv 
t  calcium  vajtoni  which  lie  almve  the  reventiiig  layer  t 
be  oblninod.     Sume  otiier  Hues  hnve  uIko  bouii  usmI  in  I 

*■?•  ._ 

■The  width  uf  a  llnv  do]K>ndB  ujjoii  the  (lenBity  of  the  g»» 
~  It  emit*  it.     Kupjxjsv  a  thick  layer  of  calcium  gn»  which 
B  at  t)i«  top  and  denser  at  the  botttmi  ^vtiit  n  Itri^ht  A'- 
Tltv  oeiitrai  (tart  will  be  due  to  light  coming  fnim  all 
ptlift.  psrtiiMilarly  from  the  higher  lavi^m  whi-nt  thi<  aluxiqi- 
i»  uiiiiii[iortiint.     On  the  uthvr  hntid,  thu  mar^nal  [larts 
e  line  will  bp  dtw  to  lijjht  coming  from  the  lower  lew  " 
D  the  ga»  is  denser.     Following  out  llieite  prim-iplnt,  ft 
J  «  very  narrow  alit.  Hale  firet  obtiiinetl  phiilnf^raphs  I 
piermt  U-vcln  of  tlie  wolur  at  tin  sphere. 

The  CorocM.  —  tluriiig  totul  cclipacs  the  tnin  h  i 
itirronndcHl  by  a  balu  of  jn'iirly  lijfhl.  called  the  wn 
loding  oitt  200/10(1  or  :li>0,nOO  miles,  while  Boroe  of  | 
nr*  mtch  nut  at  leant  5.<>U<>.<ino  mil«>«.      So  far  ii 
\  tnen  pcMnible  to  find  any  oli>i<>rv»tioniil  rvidencu  of  t 
a  except  at  tlit*  limes  of  lutal  ei^lifwa'it  of  the  sun. 
9  muona  that  vclilMcs  are  nf  gnwt  Hcivntitic  interest) 
1  they  afford  nii  opp<irt»nity  of  studying  ttiis  rvmurkal 
Dtlage.     The  brief  duration  of  total  ei'lijwea  i 
iqurncy  tutvc  maite  progress  in  the  nwwrchea  < 
I  nlher  slow. 

'■ona  is  not  arnin;^  In  concentric  layers  like  ■ 
Btmoaphere,  bnt  is  made  up  of  complicate*)  systems  of 
■treamers.  in  ^envral  itretcliinff  out  radially  from  the  sun, 
bat  often  simply  and  doubly  rurriHl.  and  soraewbat  nwcm- 
hUog  Mimraa.  Many  ulisert-ers  haw  dM'lannl  that  vtA  &\«V^ 
iiti«ilf1  atructun)  rewoihles  the  Oriun  neWW 
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The  coroiiiil  streiLmei-s  often,  perhaps  geiieriilly,  have 
baxes  ill  the  regions  of  active  prominences,  but  exctpiioiiK 
liavfl  been  noted.  That  they  are  in  some  way  connected 
with  activity  on  tlie  sun,  is  shown  by  the  fact  that  the  form 
of  the  corona  changes  in  a  cycle  of  about  11  years,  the 
same  )iB  that  of  sun-spot  activity.  At  sun-spot  maxima  the 
coronal  streamers  radiate  from  all  latitudes  nearly  equntlj. 


Ab  the  maxima  pass,  the  coronal  streamers  gradually  with- 
draw from  the  poles  of  the  sun  and  extend  out  to  greater 
distances  in  the  sun-spot  zones.  At  the  spot  minima  the 
corona  consists  of  short  rays  in  the  polar  regions,  curved 
away  from  the  solar  axis,  and  long  streamers  extending  out 
in  the  equatorial  plane. 

The  8pectroscoi)e  shows  that  the  corona  emits  three  kinds 
o£  light.     First,  there  ia  a  amA\\  <\wim\\a^  which  is  known  lo 
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1  tunligbt,  for  il  ftivfift.  thougfa  faintly,  the  Fnun- 
br  abaorpticiQ  Udum.  and  it  \t  polarized.  Sorond,  thnro  i» 
tile  light  whoM-  smirve.  ftc^onlinK  to  KircbliafTs  laws,  mast 
_  I  incanikvcent  Holid  nr  liqaid  [uirticlm.  (./Aiitlr.  there  i« 
ft  bright  line  spectrum  whose  sourwr,  acvordinK  to  KirchhofTn 
Uw«,  is  «n  incandescent  k^s.  The  must  o<>i)8[iic)ioiis  line  is 
in  the  crecn  luid  is  fmitted  hy  »u  elfnu-nt,  niUcd  coroniittn. 


^  liieb  b  not  yet  Inunm  on  the  earth.     There  seoms  to  be  at 
lift  nne  other  solMtAnce  prvseoL  bat  no  known  element*. 
According  to  pnwnt  ideon  the  cormiN   consists   of  dust 
iTtinliw,  lit)tiiU  glulitiles.  and  sninll  masses  of  gas  which  are 
iidely  scatti-nnl.     Fmm  (he  amount  of  light  and  heat  radi- 
ated, and  fnim  the  ttfrnpcntlun.'  which  masMts  »»  n<«r  th«  sun 
nost    bare,   Arrhvniiis    cotupult-s    that    tlirn-   is  one   dust 
particle,  un   the   average,  in   every  1-1   ruhir   yards  of   lltu 
"■runa.     The  eicesaive  rarity  ol  tlw  coTOiuk '«  AxsfwwNs^  'Oci» 
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fiict  thnt  coiueta  have  plimged  tlii'ough  hundreds  of  tbousands 
of  miles  of  it  without  being  sensibly  retarded.  The  dust  par- 
ticles and  liquid  globules  give  the  reflected  light-,  the  liquid 
the  continuous  sirectrmn,  and  the  gases  the  bright  line  spec- 
trum. The  form  of  the  corona  shows  that  its  condition  of 
equilibrium  is  not  at  all  similar  to  timt  of  an  atmosphere 
like  the  one  surrounding  the  earth.  Its  increase  of  density 
toward  the  sun  is  inexplicably  slow,  though  doubtless  light 
pressure  and  electric  forces  are  opposed  to  gravity.  Its 
radial  structure  and  jwriodic  variation  in  general  form  are 
without  satisfactory  explanation, 

343.  The  Eleven-yeai  Cycle.  —  It  has  been  explained  tliat 
sun-spots  vary  in  frequency  and  distribution  on  the  sun's 
surface  in  a  period  averaging  a  little  more  than  eleven  years. 
There  tire  a  number  of  other  plienomena  which  undergo 
changes  in  the  same  period. 

The  faculie  are  most  numerous  in  the  aun-spot  zones, 
although  they  occur  all  over  the  sun.  Both  tbeir  number 
and  the  positions  of  the  zones  where  they  are  most  numerous 
vary  periodically  in  the  sun-spot  period.  This  is  quite  to  be 
expected,  for  the  sun-spots  and  faculffi  are  both  pbotospberic 
phenomena. 

The  eruptive  prominences  are  frequent  in  the  sun-spot 
belts  and  vary  in  position  with  them.  The  evidence  so  far 
also  shows  jjeriodic  variations  in  numbers.  The  quiescent 
prominences,  on  the  other  hand,  cluster  in  tlie  [lolar  regions. 

The  coronal  types  clearly  vary  in  the  eleven-year  cycle,  as 
was  explained  in  the  preceding  article.  Doubtless  the  total 
solar  radiation  varies  to  some  extent  in  the  same  period, 
though  this  has  not  been  verified  observational  ly,  but  the 
time  is  now  ripe  for  the  investigation.  The  spectra  of  sun- 
spots  vary  with  the  period  of  the  spots,  but  the  Fraunhofer 
lines  are  singularly  invariable. 

The  great  vihmtions  which  so  powerfully  agitate  the  sun 
extend  to  the  earth  and  Ao^VjUeft*  to  the  whole  solar  system. 
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wares.  Lord  Kelvin  raised  the  objection  that  if  the  sun 
sends  out  these  waves  in  every  direction,  it  would  give  out 
as  much  energy  in  eight  hours  of  an  ordinary  electric  storm 
as  it  radiates  in  light  and  heat  iu  four  montlis. 

A  recent  exhaustive  discussion  of  the  data  has  led  Maun- 
der to  the  conclusion  that  the  source  of  the  periodic  magnetic 
storms  is  in  the  sun,  that  the  magnetic  disturbances  are  con- 
fined to  restricted  areas  on  the  sun,  and  that  their  influences 
are  propagated  out  from  tlie  sun  iu  cones  which  rotate  with 
the  sun;  that  when  these  cones  of  magnetic  disturbances 
strike  the  earth,  magnetic  storms  are  induced,  and  that  these 
magnetic  storms  have  intimate,  though  unknown,  relations 
with  sun-spots.  The  most  important  contribution  of  this 
investigation  was  that  there  is  much  observational  evidence 
to  show  that  the  sun  is  not  to  be  regarded  as  surrounded  by 
a  polarised  magnetic  sphere,  but  that  tliere  are  definite  and 
intense  stream-lines  of  magnetic  influence,  probably  connected 
with  the  coronal  rays,  reacliing  ont  principally  from  the 
spot  zones  in  directions  which  are  not  necessarily  radial. 
It  is  a  little  too  early  to  formulate  a  precise  tlieory  as  to 
whether  these  streams  are  electrified  particles  driven  off  by 
magnetic  forces  and  light  pressure,  or  wliether  they  involve 
the  minute  corpuscles  of  which  atoms  are  composed,  or 
whether  they  are  phenomena  of  matter  and  energy  of  a  ehaiv 
acter  and  iu  a  state  not  yet  recognized  by  science. 


QUESTIONS 

1.  Enumerate  the  different  known  layers  of  the  sun. 

2.  W}iat  evidence  is  there  that  the  sun  ia  surrounded  by  a  du;sky  veil 
n  addition  to  the  reversing  layerV 

8.   Shuw  by  a  diagram  that  the  fact  thai  the  abaorption  at  the  ai 
imb  is  much  greater  than  at  its  center  proves  that  the  dusky  veil  ia  tl 

4.  Explain  by  a  diagram    ■  -  ■ 
iss  light  by  absorption  neai 
phnre  does,  prove  that  the  ap 

5.  Describe  the  rotatlou  o 


Froat'H  obBervatioQS  that  spots  lose  J 


4  limb  than  the  ordini 
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n.   I))ef(cribe  the  periodicity  of  8un-«pots. 

7.   Knumerate  some  of  the  unnettled  questions  respecting  sun-spots. 
H.   Descrilw  the  physical  condition  and  the  chemical  constitution  of 
th«*  rerersing  laj'er. 

!<.    Descrilie  the  chromosphere  and  prominences. 
]H.    What  are  the  uses  of  the  sjiectroheliograph  ? 

11.  Why  can  not  the  corona  be  observed  through  the  spectroscope  at 
any  time  as  prominences  are  observed  ? 

12.  Descrilie  the  8U|vposed  constitution  of  the  corona. 


CHAPTER  XV 

EVOLrTIOX  OF  THE  SI>LAR  SYSTEM 

344.  Evolution.  —  A  very  slow  change,  especially  if  it  be 
from  the  simple  and  unorganized  to  the  complex  and  nr- 
gjuiized,  is  said  to  l>e  an  evolution.  Curiously,  the  idea  of 
evolution  has  been  repugnant  to  some  mindsw  although  rapid 
and  radical  change  in  most  things  is  a  matter  of  universal 
ex{>erience.  Perhaps  the  reason  is  that  an  evolution  is,  ou 
the  wliole,  a  progression  in  one  direction,  while  many  of  the 
chan^^es  of  ordinary  experience,  such  as  the  succession  of  the 
sea.soiis,  are  periodic. 

As  our  kiiriwledije  increases  we  find  that  evervthini?  is  in 
a  stiitc  of  clian^a;.  Individuals  change,  institutions  change, 
languages  change,  and  even  the  *'  eternal  hills  "  are  washed 
away  in  a  moment  of  geological  time.  Now  we  are  alxmt  to 
con>ider  a  series  of  changes  in  which  the  sun  and  planets  in 
their  present  conditions  and  relations  constitute  but  a  single 
piijisf  of  a  crrejit  evolution. 

345.  The  Data  of  Evolution.  —  It  is  obvious  that  a  knowl- 
e<lL^e  of  the  sy>tem  at  present  is  necessary  in  order  that 
its  evolutit»n  niiiv  lie  worked  out.  It  is  certain  that  not 
evf-rytliing  is  known  which  is  pertinent  to  the  inquiry,  nor, 
iinhred,  will  errrj/tlfinf/  al>out  it  ever  be  known;  but  this 
will  not  prevent  a  discussion  of  at  least  the  broitd  outlines 
of  its  development.  There  are  plenty  of  examples  where 
the  general  features  of  a  series  of  changes  can  be  predicted 
without  knowing  every  small  factor  which  enters  into  the 
problem.     For  example,  the  temj^rature  of  a  place  depends 

not  only  upon  its  lalituOLe  wwOl  v\\^  ^^&s^Tk&^V\^  ^lao  upon  a 
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Tut  muUiluile  nf  minor  infliR-neca.  It  in  impuMihlc  to  fara- 
IcU  |in-cisely  triiat  the  t«m]ierature  ot  a  place  will  lie  at  any 
^v«n  in»laiit  ;  but  from  the  knawl«<)ge  of  the  vetwoa*.  and 
thv  difftTfm-CH  in  uight  ami  day,  the  general  nutlincH  of 
t4^miw'nittir«'  variutimis  cun  \iv  worked  out.  Similar]y>  it  ia 
not  to  U'  px[)cvu-i|  that  all  ihr  detniU  of  tho  evolution  of  the 
*oUr  aysltftn  can  lie  given,  but  the  general  outlineat  arc  not 
h<>l>el(-.-Mly  and  iM-rroanently  beyoiid  us. 

TIm!  gTt'ateat  aource  of  danger  to  a  theory  which  i»  to  be 
■jiplird  during  immenite  agtf*  is  that  there  may  Iw  influenced 
which  aro  imperceptible  in  intervaU  of  time  covcn-d  by 
n|Nrnrncp,  but  whii'h  njiemtc  contintiallv  in  one  ilirt-ctton. 
ThuK.  til  take  again  the  illuMtration  of  the  weather,  if  it  were 
true  that  the  nun  will  radiate  continually  leaa  anil  Ivah  heat, 
and  if  we  were  ignnrant  of  thin  fact,  our  predictiona  of  lent- 
perature  i-onditiona  in  the  remote  future  would  not  l>e  veri* 
(inl.  It  rollowfl  that  the  concluitiontt,  eapeoially  in  llie  detHiia, 
which  may  l>e  drawn  from  a  theory  of  evoluti(m,  are  moro 
uncertain  the  more  remote  they  ar«  from  the  preaent. 

In  addition  to  the  knowledge  of  the  present  condition  of 
the  itolar  lyHtem.  wo  must  know  also  the  Laws  of  ita  change 
ill  onlcr  to  work  out  ita  evolution.  It  ia  something  like  the 
■miplcr  jiroblcm  of  preilicting  where  tho  planet*  will  lie  a 
ji-ar  from  now.  To  do  it  we  must  know  liolh  where  Ui«y 
arv^  now  and  nltw  the  laws  of  their  motions. 

Hence,  i\w  data  of  thv  evohition  of  the  solar  aystem  are 
bath  ita  pn»ent  i-ondition  ami  also   (he    laws  according  lu 
""     "  toh  ita  phenomena  proceed. 

The  ValM  of  ■  Ttacary  of  Evolatioii.  —  FaoU  an 
aut  in  pnijiortiiin  to  the  numtier  of  their  known 
B  to  otlier  facta.  Since  a  theort'  of  evolution  ia  cou- 
I  largely  with  relatiuna,  an  attempt  at  a  development 
I  forces  our  attention  ttiwanl  the  correlation  of  fact*. 
iTcr,  tlte  rcUtiona  are  examined  in  a  critical  spiril. 
)  ui  attempt  at  the  coQ«\T>ic\\v>tv  tA,  ».  'ivewrj  vK 
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evolution  is  of  v&lue  because  it  leads  to  a  better  uodentui^ 
iug  of  the  material  upon  which  it  is  being  based. 

A  scientific  theory  invariably  demands  data  in  additioo 
to  that  upon  which  it  was  founded.  In  this  way  it  stimu- 
lates and  directs  investigation.  lu  spite  of  the  fact  that 
we  Hometimes  hear  that  the  scientist  should  keep  himself 
clear  of  preconceived  notions,  it  is  true  that  a  great  majority 
of  discoveries  have  been  made  by  those  who  were  looking 
for  the  very  things  found.  In  most  other  cases  the  discov- 
eries were  made  in  attempting  to  find  the  opposite  thing,  or 
at  least  a  different  one  of  the  same  type,  under  the  prompt- 
ings of  a  false  or  of  an  imperfect  tJieory.  Hence  a  second 
value  of  a  theory  of  evolution  is  that  it  leads  to  the  dis- 
covery of  new  facts, 

A  broad  scientific  theory  involves  many  secondary  theories 
depending  upon  special  groups  of  phenomena.  For  example, 
in  the  solar  system  tiiere  are  the  theories  of  the  motions  of 
the  planets,  of  the  capture  of  comets,  of  Saturn's  rings,  of 
the  zodiacal  light,  of  the  equatorial  acceleration  of  the  sun. 
etc.  In  the  construction  of  a  general  theory  of  evolution  of 
the  system  these  secondary  theories  must  be  related  to  the 
whole,  and  in  this  manner  they  are  subjected  to  a  searching 
examination.  This  criticism  of  secondary  theories,  whcllier 
it  be  constructive  or  destructive,  constitutes  another  impor- 
tant value  of  a  wide  generalization, 

It  is  by  means  of  scientific  theories  that  events  may  be 
controlled  for  our  benefit,  or  that  we  may  adjust  ouraelves 
to  them.  Although  the  direct  contributions  of  astronomy 
to  the  welfare  of  mankind  are  important  and  many,  yet  it 
is  not  so  largely  directly  utilitarian  as  most  of  the  other 
sciences.  But  the  indirect  benefits  of  astronomy  in  enrich- 
ing our  intellectual  experiences  are  not  surpassed  by  those 
of  any  other  science. 

When  we  think  of  it,  we  find  that  very  many  of  our  aetivi- 
ties  are  directed  to  sntialvmg  owt  mental  wants.     Thus,  we 
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'  do  nut  tnvel  to  get  mnro  to  eat  or  wear,  but  to  acquire 
bmoUrr  vivwit  of  \Xw  worlil  by  gaining  a  knuwlvdj^e  of  unfa- 
miliar ttiiii^  Tbe  iiuiKirtHiit  tliiii;;  in  travi-ling  is  not  that 
wtf  )[u  to  toy  parlu'uUr  jilncv.  but  that  w«  got  tbo  intellectual 
esperieDiMW.  Astrunoinera  cad  not  travel  through  the  va«t 
regiotta  of  apaM  which  they  explore,  but  the  long  arms  uf 
their  analyaia  reach  out  anil  gather  up  th«  fai-'ts  and  bring 
Umid  to  their  conwioURnetw  with  a  vividnusH  scarcely  sur- 
paaacd  in  any  expvnenco.  In  this  way.  astronomy  virtually 
extvDda  our  ex[>erience  over  an  incomparably  nide  field. 
Kut  the  thing  of  chief  intereat  in  this  connection  ia  tluit 
when  a  Nttiofactorj'  tlieory  of  evolution  has  l>eeu  clevelopcd, 
it  extends  our  cxpc^ricnce  similarly  in  time. 

Finally,  a  theory'  which  gives  a  unity  to  i>  great  variety  of 
obiwrvational  data  is  of  rare  test  he  tic  value.  Il  corresponds 
to  the  catalogue  of  imperfectly  relatetl  facta  upon  which  it  is 
haaed  ma  a  liniahcil  and  beautiful  house  do<>s  to  the  unaightly 
l»en|Ni  of  Ktone.  brick,  and  wood  from  which  it  may  l)e  built. 
In  sirme  rrlleclions  along  Uiitt  line,  nenr  the  end  of  his  work 
<'ri  dcM-nptive  astronomy,  I^pluce  said,  " Contemjilated  as 
lie  gntnd  whole,  astronomy  is  the  most  beautiful  monument 
of  tba  lutouui  mind,  the  noblest  rvoord  of  it«  intelligenco." 

HISTOftlCAL 

tfrigtat  aod  Euit.  —  A  theory  of  the  cvoluticm 
the  solar  systctn.  and  ibu  much  broader  one  of  the 
rolutiou  of  the  whole  sidereal  universe,  on  an  approxi- 
Mlely  s«.-ienlilic  iMsis.  was  first  pubUshcd  in  1T6>0  by  Thomas 
Fright  of  Durham,  Knglaud.  lie  sup|Hised  tluit  the  Milky 
RTay  is  composed  of  a  vast  number  of  gntvitattng  systems 
"  our  own,  Hpnta«l  out  in  a  gn-al  d<iiible  ring  which 
nrtabM  around  an  axis  perpendicular  to  its  plane.  He 
treated  the  solar  system  only  incidentally  as  exemplifying 
BOOM  uf  hia  conjectures  n»j>ecting  the  sidetval  %n«v«\si. 
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In  1751  the  work  of  Wright  fell  into  the  hands  of  the 
young  philosopher  Kant,  who  at  once  turned  his  brilliant 
mind  to  tlie  contemplation  of  the  problems  of  cosmogony. 
In  1755  he  published  a  work  on  this  subject  in  which  he 
accepted  the  general  ideas  of  Wright,  especially  respecting 
the  structure  of  the  galaxy,  but  his  principal  contribution 
was  in  the  development  of  a  theory  of  evolution  of  the  solar 
system.  lie  frankly  considered  the  question  of  the  growth 
of  the  present  solar  system  from  a  more  primitive  condition, 
and  to  guard  against  the  prejudices  of  his  time  he  showed  in 
the  preface  that  a  belief  in  such  an  evolution  need  not  in  the 
least  alter  one's  belief  in  a  Supreme  Being. 

Kant  advanced  the  hypothesis  that  in  the  beginning  all 
of  tlie  material  which  is  now  in  the  various  members  of  the 
solar  system  was  in  a  state  of  ununited  elements,  and  that  it 
was  scattered  uniformly  throughout  the  space  now  occupied 
by  these  bodies.  He  considered  that  this  is  the  simplest 
possible  hypothesis  for  the  origin  of  the  system.  He  as- 
cribed the  destruction  of  the  homogeneity  of  the  original 
mass  to  the  diversity  of  the  elements  and  to  their  different 
powers  of  attraction.  He  supposed  that  the  heavier  mole- 
cules would  attract  to  themselves  the  lighter  ones  in  their 
vicinity,  and  tliat  these  small  aggregations  would  continually 
grow  by  the  accretion  of  smaller  masses.  Motions  would  be 
dcvelo])cd,  and  because  of  the  initial  uniform  distribution  of 
matter,  the  resultant  attractions  would  be  toward  the  center 
of  the  wliole  svsteui.  He  called  attention  to  the  fact  that 
attraction  would  be  opposed  by  gaseous  expansion,  and  in 
some  obscure  way  he  supposed  that  these  repulsive  forces 
would  generate  lateral  motions  in  the  small  nuclei.  At  first 
the  nuclei  would  be  moving  in  every  possible  direction,  but 
he  assumed  that  successive  collisions  would  eliminate  all 
except  a  few  moving  in  tlie  same  direction,  and  in  nearly 
circular  orbits. 

Kant  considered  in  successive  chapters  the  densities  and 
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Laplace  called  attention  to  the  fact  that  all  of  the  motioim  I 
of  revolution  and  of  rotation  in  the  solar  system  then  known 
were  almost  in  the  same  plane  and  in  the  same  direction. 
He  calculated  llmt  tliis  condition  would  be  the  result  of 
cbance  only  once  in  more  tlian  500.000,000  of  cases,  show- 
ing, therefore,  that  it  is  due  in  all  probability  to  some 
initial  state  from  which  the  system  has  developed.  He  like- 
wise called  attention  to  the  remarkable  fact  that  the  orbits 
of  the  planets  are  nearly  circular,  while  those  of  comets  ore 
sensibly  parabolic. 

Buffon  had  advanced  the  theory  that  the  planets  are 
conijiosed  of  material  which  has  been  driven  off  fmm  the  sun 
hy  the  impact  of  a  comet  which  has  fallen  into  it.  LaplNCti 
said  thut  this  was  the  only  theory  of  the  origin  of  the  planets 
with  which  he  was  familiar;  and  he  pointed  out  the  fatal 
objection  to  it  that  matter  driven  off  in  this  manner  woulJ, 
unless  it  receded  to  an  infinite  distance  from  the  sun,  return 
to  the  point  from  which  it  started  and  reunite  with  the 
original  muss. 

The  theory  of  Laplace  was  advanced  "  with  that  distrust 
which  everything  ought  to  inspire  that  is  not  a  result  of  olv 
servation  or  of  calculation."     In  outline  the  theory  was  tliHt 
originally  the  solar  atmosphere  (in  later  editions  a  nebulous 
envelope),  in  an  intensely  heated   condition,  extended  out 
beyond  the  orbit  of  the  farthest  planet;    the   whole  miw 
rotated  as  a  solid  in  the  direction  in  which  the  planets  uoff 
move  ;  the  dimensions  of  the  solar  atmosphere  wei-e  main-    { 
taiiied  largely  by  gaseous  expansion  of  the  excessively  heateJ    . 
vapors,  and  slightly  by  the  centrifugal  acceleration  due  to 
the  rotation  ;  as  the  mass  lost  heat  by  radiation,  it  contractetl 
under  the  mutual  gravitation  of  its  parts ;   simultaneously 
with  its  contraction  its  rate  of  rotation  necessarily  increased.    . 
for  the  total  quantity  of  rotation  (the  moment  of  momentuni)    ] 
must  have   remained  constant ;  after  a  time    thu    centrifu-   i 
gal  acceleration  at  tliQ  e(\\mtor  equaled  the  attraction,  and  { 


m  ring  wwi  Irft  off.  the  reiiiiutid«r  continuing  to  contract ; 
m  ring  was  aUindoncd  at  tlit>  tiiHtnncc  of  <-avli  jilnnct ;  k  ring 
ooald  Mftt-ccly  have  hud  i>«rfect  uniformity,  and,  aeparatiiig 
M  wame  jxHUt  it  united  at  aome  other,  because  of  the  mutual 
mttnwtionii  of  il«  |)art»,  and  formed  a  planet ;  linally,  the 
•fttelliiM  ittn  formed  from  rin^.  left  off  hy  the  contracting 
ptsoetA.  Salum'a  ring  bving  the  only  cxaniiile  Klill  remaining. 

The  tlieory  of  Laplace  was  Icm  pretentioiu  than  that  of 
Kant  in  tluit  it  did  not  attompt  to  explain  the  whole  uni- 
verse, and  for  tliat  niaaon  poHCiilily  lewi  liable  to  general 
■UMfticion  n!H|tecting  il«  BoundncEui.  It  carried  with  it  the 
immvnM'  prestige  of  the  name  of  I^place,  and  wait  iiot>a  quite 
generally  necepted.  It  has  oxerciAed  an  incalculable  influ- 
ence upon  the  science  and  philixtophy  of  ttia  ninctot^uth  cen- 
tary.  No  oite  knowa  to  what  an  ext«nt  it  has  cntvred  into 
ererrthing  from  the  interpretation  of  aatronomicnl  and 
geological  pbenoracna  to  the  discutwion  and  expUnation  of 
theological  ayatenis.  Itecauae  of  thia  vide  inflnenoe.  the 
■ddilionii  which  have  Ix^en  made  to  it  and  the  objections 
which  have  hern  raised  against  it  will  be  trented  in  consid- 
erablc  detail. 

940.  The  Bearing  of  the  Contraction  Theory  of  the  Sun's 
Bent.  —  l^liliK-i?  aMUmi-<i  tliat  llic  iirijfiiiAl  aoUr  nebula  wofl 
eoiiruioUitly  dii>tcodi-d  and  )it?ate«l.  and  lh»t  it  ban  l>e)'u  cnn- 
tncling  as  a  coiUH^gucnci-  of  its  loss  of  heat.  After  tlie 
devebipmitnt  of  th«  tha-ory  of  tlii!  OHiHervalion  of  energy 
■nd  Ibc  work  of  fleluholtt  on  the  omtroctimi  theory  of 
the  Min's  heat,  this  amnniption  of  an  original  high  lempem- 
turv  was  no  longer  ii(*w««ary.  Thi«  tljeorj'  of  the  mainle- 
nnncs  of  tite  energy  |>oarpd  out  in  the  mlar  radiation  makes 
it  very  prolmble  tbat  the  nun  haii  been  continually  contmct- 
iog.  Conacquently  it  agree*  wry  well  with  the  I^aplacian 
hj-pothcaU.  though  it  is  obvious  lliat  it  in  by  no  means  oeces- 
wmry  to  SMUme  that  the  mn  lias  oontmetod  from  tho  (<wiul 
posttiUted  by  Laplsec. 
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350.  The  Meteoritic  Hypothesis.  —  Lockyer  has  advanced 
the  hypothesis  that  all  matter  was  primarily  in  the  meteoric 
state  instead  of  the  gaseous.  He  supposes  that  the  nebiiliis 
are  vast  swarms  of  meteors  which  are  visible  because  the 
collisions  make  small  portions  of  their  whole  masses  incan- 
descent. 

G.  H.  Darwin  has  investigated  the  mechanical  condition 
of  a  great  swarm  of  meteors.  He  found  that  if  the  diimn- 
sions  and  mass  are  like  those  of  the  solar  system,  the  condi- 
tions are  not  sensibly  different  from  what  they  would  be  if 
they  were  gaseous.  It  amounts  simply  to  enlarging  the  mole- 
cules, and  the  theory  need  not  be  considered  separately  from 
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that  of  Laplace.     Darwin  showed  that  when  the  mass  was 
wi(l(*lv  extended  it  would  necessarily  rotate  as  a  solid. 

351.  Tidal  Evolution.  —  Before  considering  the  objections 
to  the  Ln[)laeian  hypothesis,  it  will  be  necessary  to  review 
])rielly  the  possible  effects  of  the  tides  on  the  evolution  of 
tlie  system,  as  developed  in  a  series  of  remarkable  papers 
pnl)lislied  by  Darwin  from  1878  to  1882.  A  large  part  of  the 
work  is  of  general  applieation,  but  the  detailed  numerical 
illustrations  referre(l  to  the  earth  and  moon. 

Darwin  suppt)se(l  that  the  earth  is  a  viscous  mass  subject 
to  the  tides  of  the  moon  and  sun.  The  viscosity  was  su{»- 
posed  to  be  so  great  that  in  such  small  masses  as  can  be 
subjected  to  laboratory  experiments  it  would  amount  to 
seijsibly  perfect  rigidity.  From  the  fact  that  there  is  a  lack 
of  ])erfect  rigidity  iVwivvi  \\\\\  vi^^VvvvwVj  V^  Vsiody  tides  (the 
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^^^mtaietaiA  atm<>»phpric  titles  are  tH<;>ltH:teid  in  tliiii  discuii- 
^^Eb),  and  from  tho  lack  of  pcrfi-ct  fiuiility  tin-  ti<li-»  will  Uj; 
^^Art,  180).  Tile  coiitlitioD  will  l*e  as  roprownted  in  Fip.  167, 
wheTv  tIiL<  tidva  are  enonnouiily  raaf^nitic-d  for  the  purgHUM.'  of 
illuHtratioii.  The  li^ht  curve  KhowH  when*  tlie  Lillet  would 
lie  if  the  earth  wero  a  iwrfcct  fluid,  aiid  ihc  heavy  curvo 
•liown  the  pi«ition  llmt  tli«y  r>ucni|iy  after  Ikmu};  carried  for> 
wanl  liy  tht*  t^arthn  rutnlitm. 

Tlw  pniblrniB  art-  tn  find  ( I)  what  offprt  the  moon's  attrac- 
ticiu  on  the  tides  A  and  B  will  havi*  upon  the  t-arth'^  rotaUuii, 
and  (2)  what  elTei'ts  the  attruetioiiK  of  Uie  tides  A  ami  S 
will  ha%'e  u|M>n  the  luotion  of  the  iucM>n. 

(1)  It  i«  eoitily  Mien  that  when  the  month  i»  Unifror  tlian 
the  <lar  ( the  tides  beinjf  sitnateil  as  rcpreiieutetl  in  Fi};.  167  >, 
the  length  of  the  day  ix  incn-a«»l.  When  the  sun's  tides  are 
included,  tha  <Uy  is  li-ngthened  still  more.  Darwin  showed 
thitt  the  plane  of  tlie  eartirs  equat4>r  and  tliat  of  the  moon's 
urbit  are  both  changed,  the  character  of  the  changes  depend- 
ing npoR  quite  a  nundter  of  factora. 

(3>  The  atmetion  of  tlw  tide  .4  for  the  union  may  be 
molved  into  two  oumpoiwnts,  ook  towHnl  E  ami  one  {ler- 
•.ptndiruhir  In  Jlifin  tlii^  dint'tion  nf  the  mimn's  mutiim.  lu 
D  of  tlK<  tide  B  the  com[Miueut  [wrpendicular  to  KM 
t  opposite  to  the  dinn-iiou  of  tbe  nicmn's  motion.  Uut  tlio 
attrat^>lion  of  the  tide  A  is  gn-aler  tlion  that  of  It,  and  tlie 
anglif  .4.VA*is  a  little  grvater  than  the  angle  BMK.  Tliere- 
fure  tbf  whole  rtHultaut  ii«  an  ui-iX'Ieration  of  the  nnHtn.  Tlie 
'fltxM  t'i  an  ttccolc  rati  (III  i*  to  imrnute  the  ni/e  of  tin*  mmm's 
-i1<it  un<l  to  Kii;<thcn  tli<>  month. 

338.  Oatlia*  of  DarwIn'B  Hictory  of  the  Euth-Moon  Syt- 
tCB.  — Carrying  the  compulution  Iwckward  in  lime,  Darwin 
arrived  at  what  Uk  c<iiiMdrn<i)  a  prolnbh^  initial  state  of  the 
MtfUt  and  moon,  and  then  he  Hketched  llieir  i-volulion  to  the 
lent  time.  For  nonvrnienci-,  the  outline  will  be  Worded 
^  thoogh  nu  qoBstioo  runtaiocd  res\H!u\,ut%  vVa  ui.wc'v.  vra!^ 
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At  least  54,000,000  years  ago  the  earth  and  moou  formed 
one  body  having  a  diameter  a  little  over  80^)0  miles.  This 
mass  rotated  on  its  axis  in  a  period  of  about  5  of  our  pres- 
ent hours,  and  the  plane  of  its  equator  was  inelineil  IT 
or  12°  to  the  plane  of  tlie  ecliptic.  The  mass  was  rotating 
80  fast  that  it  was  in  unstable  equilibrium,  and  the  moon 
broke  off  under  the  stimulus  of  the  sun's  tides.  At  this 
time  the  earth  and  moon  revolved  around  their  common 
center  of  gravity  and  on  their  axes  in  the  same  ijeriod 
(about  5  hours).  When  the  earth  contracted  it  rotated 
niore  rapidly,  the  day  was  shorter  than  the  month,  and  tidal 
evolution  began.  The  tides  lengthened  both  the  day  and 
the  month,  hut  the  month  more  rapidly  than  the  day.  This 
increase  of  })eriods  has  continued  until  the  present  comii- 
tions  have  been  reached. 

Siinilarlv,  the  eartli  raised  tides  on  the  moon  and  increased 
the  length  uf  the  lunar  day  until  it  equaled  the  length  of 
the  month.  The  eccentricity  of  the  moon's  orbit  increiu^ed 
lor  a  time,  and  has  decreased  ever  since.  The  inclination  of 
the  plane  nf  the  earth's  e^juator  to  the  plane  of  the  ecliptic 
increased  from  11°  or  12°  to  23.5°,  and  the  plane  of  the 
niooii's  orbit  has  changed  from  coincidence  with  the  plane  of 
the  earth's  e([uator  until  it  is  now  inclined  to  the  plane  of 
the  ecliptic  bv  onlv  5°  \)\ 

Ill  the  future  the  day  will  increase  in  Xen^iYi  faster  than 
the  iiKjuth,  tin;  day  and  the  month  will  become  equal  at  -50 
or  <)•>  of  our  present  days,  and  the  moon's  orbit  will  be  circu- 
lar, except  as  it  is  disturbed  by  the  attraction  of  the  sun.  If 
the  earth  and  uioon  were  the  only  two  bodies  in  existence, 
this  Condition  would  be  permanent.  But  the  sun's  tides 
will  interfere  and  lu'ing  the  moon  back  toward  the  earth,  in 
such  a  way  that  the  day  will  always  be  a  little  longer  than 
the  month,  and  the  evolution  will  eventually  end  by  the 
earth  and  moon  again  uniting. 

The  working  of  body  Ud^^  ^viu^tatea  heat,  and  Darwin  com- 
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lougb  heat  ha»  already  been  produced  in  the 
ti  bj  the  tides  to  raiftc  its  tempenture,  if  all  ap)ili«d  al 
,  3000°  Folirenbcil. 
'  353.  EtMcuccs  of  TidAl  ETOlndon.  —  The  work  of  Darwin 
i*  luiM-d  uQ  tlio  UMiitiiiiliuiin  (wliK'li  Kceiii  mont  ocrlaiu)  that 
ttie  eartli  is  not  purfocUy  rigid  and  (lull  there  in  inlorual 
frictiiiii  whi-u  it  in  distorted.  Hut  the  tidal  reactions  are 
exccMUTcly  etimpUcnt^nl,  tlii?y  aru  quito  diffurent  with 
difftfreot  dcftrcvfl  u{  visoonty,  ratea  of  rotation  and  revolU' 
lion,  and  in  some  caaea  slight  changen  in  tho  iuwuniptiun« 
would  make  iiuportanl  chnnges  in  the  conrlusiona.  As  a 
rule  till)  tidiM  with  long  puriudx  work  against  those  with 
nlmrt  pdriiMls,  whosu  tnHucncwa  in  gcnvnil  prodnminnl«. 
The  difliuultiDa  of  the  problem  and  the  unucrlaintiea  of  the 
d«ta  make  it  iin|M>rtant  that  the  tlieory  be  verilied,  if  jioiui* 
hie,  by  the  actual  phenomena. 

Tlie  0)<Mt  Htriking  fact,  and  the  one  which  prolmbly  ilrst 
directed  inquiry  to  this  subject,  is  that  the  same  side  of  the 
moon  is  always  toward  the  earth.  This  agrees  perfectly 
with  tl»c  theory,  which  shows  that,  under  the  hypotheaea, 
tlitii  oondition  ia  the  result  of  the  earth's  attmction  for  the 
tides  which  it  has  generated  on  the  moon.  Other  similar 
fa<Tt«  are  thai  Jujwtiui  c^nittantly  tnms  one  side  toward  Sul- 
nrn  (Art.  271>),  and  ttuit  Mercury  luid  Venus  prolmlily  always 
pnwent  the  name  facv  to  the  sun  (Arts.  260  and  26i).  Of 
ciiurse.  there  La  no  way  of  knowing  how  fast  the  original 
routiima  were  and  bow  much  work  ttdnl  friction  has  dune  in 
iiese  cawa. 

I  Uarv  roluteH  more  slowly  than  its  inner  MtelUle  revolvea 

Arta.  2lH  and  2tl6>,  instead  of  faster  as  it  would  if  it  co»< 

icteil,  as  the  l,aphu'ian  theory  supposes,  from  the  dimcn- 

of  tlie   ssteitite's   orbit.      This   fact    ia   inmpnble   of 

planation   directly   under   the    l^plaeian  bypotheaia,  but 

~  I  eipUina  it  by  BUp|>osiag  that  the  aun*B  tides  Iiave 

IcBgtikeiwd  Um  iUaaels  day  from  Uw  pcntA  q\  ^^EAw^j^iAJk^ 
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revolution  to  its  present  period.  He  regards  this  as  verify- 
ing liis  theory  of  tidal  evolution  and  as  relieving  the  La- 
phieiim  hyi)()tliesis  of  a  very  serious  objection.  However, 
Nolan  has  pointed  out  that  Phobos  is  so  near  Mars  that, 
notwithstanding  its  small  mass,  its  tides  are  compai-able  tu 
those  of  the  sun  ;  and  since  it  revolves  faster  than  the  planei 
rotates  tlui  tides  wliich  it  generates  tend  to  decrease  the  size 
of  its  orbit.  He  calculated  that  before  the  sun^s  tides  would 
lengthen  tlie  day  by  one  minute,  the  satellite  would  be  pre- 
cipitated u[)()n  the  planet  by  the  action  of  its  own  tides. 

U'Ik^  inner  particles  of  Saturn's  ring  system  revolve  much 
more  jaj)idly  than  tlie  planet  rotates.  .  Since  this  [danet  is 
six  times  as  far  from  the  sun  as  Mars  is,  solar  tidal  influences 
will  be  much  less  effective,  for  they  vary  inversely  as  the 
sixth  ])owcr  of  the  distance.  The  density,  dimensions,  and 
rate  of  rotation  are  all  modifying  factors;  but  taking  what 
seem  to  Ix*  conservative  estimates  of  those  which  are  not  well 
known,  it  is  found  that  to  explain  this  difficulty  as  Darwin 
did  the  similar  one  in  the  case  of  Mars,  more  than  3000  limes 
as  lon<^  an  interval  would  be  required.  One  certainly  would 
not  inftri"  either  from  the  Laplacian  hypothesis  or  from  the 
j)resent  condition  of  these  bodies  that  Saturn  is  3000  times 
as  old  as  Mai's. 

ir  tlu^  rarth  once  rotated  on  its  axis  in  5  or  6  hours,  it  must 
liavt*  bfcn  ^nratly  bulged  at  tlie  equator,  as  Jupiter  is  now. 
The  ivtardation  of  the  tides  would  be  greatest  in  the  equa- 
torial rcLfions,  and  it  might  be  expected  that  there  would  be 
still  s<»ni('  I'vidt'iicc  t)f  the  equatorial  zone  lagging  behind  the 
higher  latiiiidrs,  but  none  is  found.  Moreover,  as  the  rota- 
tion (Km  rcas(Ml  the  earth  would  become  nioi*e  nearly  spherical. 
In  clianLrin.i^  its  sliajx*  the  most  mobile  parts  wouhl  l>e 
alVcctcil  lirst  before  the  strain  be(?ame  great.  Therefore,  we 
should  expect,  under  tlu;  theory,  that  both  poles  would  now 
i>e  covered  deeply  with  water,  and  that  the  equatorial  zone 
would  be  entirely  laud.    TUviyg  ia  no  geological  evidence 
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itf  »uy  radical  chango  of  Hliapecturitig  a  time  which  geolo^sU 
t-jiliniiite  wt  IOO.OUU,l)ii(>  yearn  <ir  more. 

TU*  «l«'init»  «if  Jiijiiu-r  mill  Satuni  midoubtolly  nim 

Illicit  u|H)ii  their  rx:«|H;ctivi>  jiriniartfJi  jii«t  n»  the  moon  il(>e« 

[i[Hm  the  L-artli.     In  a  similnr  way  Uio  [ilatinUi  raJw  tiili-« 

■  Upon  the  sun.      Morvnver.  iii  nil  these  eiwes  the  tiile-rnisiii}; 

idiu«  revdlvu  aetirly  in  thu  uqunturinl  plnnvs  of  the  iKHlii'ii 

rouu't  whioh  tlt«y  circulate',  and  thu  periutU  nf  n>tAtioii  niid 

IWoluiiou  are  ftuoh  that  the  tiilea  tfiiil  to  caiue  eiiuntorial 

rdatioiiA.     Butiiotwithtttnudtng  the  fact  tluit  tliKM*  furvm 

I'  htt-Q  at  work  prulwlily  uiniiy  tetiM  of  uiilliopH  (if  yoan, 

B  And  in  every  ono  of  thrnv  three  ratww  that  the  lidnlly  dis- 

lortml  iHMly  lias  an  equatorial  ac<!<.'lonition  instead  of  a  tvtar- 

lation.     Since  no  inHtane«  is  known   where  the  oii]Mwitc  in 

vc.  lliene  miuit  be  eonHideivd  very  significant  fncla. 

CilrioiKtly  no  other  known  (act  is  more  favnrahle  to  the 

piiry  of  tidal  uvolutiun  than  the  clinrarter  of  the  mcH)n*H 

Uitiun.  while  no  other  fact  in  mure  unfavomhlv  llian  the 

leiice  uf  evidence  of  any  change  in  the  shape  nf  the  earth. 

s  the  explanation  of  the  ap|>areut  contradiction  lies  in 

!  (act  that  the  character  and  magnitude  of  the  tidal  iuAu- 

a  dei>end  u[>on  the  rigidity  of  the  dinlurbed  baidy,  and 

I  lite  ])criod  uf  itJi  rotutiun  eomiwred  to  the  peri'Ml  of 

BVitlutiun  of  the  tidv^niising  body.     The  viscosity  of   the 

t  it«  rate  of  rotation  may  always  have  been  related 

I'SMHltlt  Bo  tluit  the  tided  always  tended  to  bring  aboat 

mt  atate  of  atfaira ;   while  tbo  rigidity  and  day  of 

t-BHtf  '"*'}'  *'<^"  '>*^'*'  l**-*^"  ivhtted  to  the  month  ao 

'""^"'^  rotation  hmt  not  l»een  m^n^ihly  changed. 

Je  that  the  theory-  of  tidal  evolution 
I  OIKH)  sound  prinriplcti,  hot  that,  hecauiw  of  the 
in  factors  invulveil  ant)  the  ninlradietions  in  the 
Litionl  eviilenne.  itA  intluenee  on  the  evolution  of 
Atm  can  not  now  In*  oorreotty  estimated. 
Facts  which  Support  the  LapUcUn  B'^vw^bmi^-  —  VW 
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following  phenomena  are  in  agreement  with  Laplaee^s  theory 
(and  possibly  with  other  theories  also),  and  have  been  the 
basis  for  its  wide  acceptance. 

1.  The  planets  all  revolve  nearly  in  the  same  plane  and  in 
the  same  direction. 

2.  Their  orbits  are  all  nearly  circular. 

3.  Tlie  sun  rotates  in  the  direction  in  which  the  planets 
revolve. 

4.  The  planes  of  the  equators  of  the  planets  and  of  tlie 
orbits  of  their  satellites  are  nearly  coincident  with  the 
planes  of  their  orbits  (Uranus  and  Neptune  present 
exceptions). 

T).  1'he  satellites  revolve  in  the  direction  that  their  respec- 
tive primaries  rotate  (the  ninth  satellite  of  Saturn  and 
j)r()bably  the  seventh  satellite  of  Jupiter  are  exceptions,  while 
the  positions  of  the  plaues  of  the  equatora  of  Uranus  and 
Neptune  are  not  known). 

0.  According  to  the  contraction  theory  of  the  sun's  heat, 
this  body  was  once  vastly  larger  than  at  present. 

I'lui  agreement  of  these  facts  with  what  the  Laplacian 
theory  would  lead  us  to  expect  is  obvious.  There  are  many 
other  facts  which  do  not  seem  to  be  inconsistent  with  the 
theory,  l)ut  which  have  not  been  shown  necessarily  to  follow 
from  it. 

355.  Facts  which  are  Inconsistent  with  the  Laplacian 
Hypothesis.  —  For  many  years  astronomers  have  found  it 
dillicull  to  reconcile  the  Laplacian  hypothesis  with  all  the 
plienonu'na  presented  by  the  solar  system.  The  most  criti- 
cal examination  yet  published  of  the  crucial  facts  and  prin- 
ciples is  contained  in  the  papers  by  Chamberlin  and  the 
author  which   aj)peared   in   1900.^     It  was  shown  in  these 

^  Chamborlin,  "An  Attempt  to  test  the  Nebular  Hypothesis  by  the  Rela- 
tions of  Masses  and  Momenta,"  Jnuruni  of  Geology^  February-March,  1000; 
Moulton,  ^*  An  Att^'oipt  to  t^'st  the  Nebular  Hypothesis  by  an  Appeal  to  the 
L&WB  of  Dynamics/^  A«(rop/iy«ical  Journal  March,  1900. 


ErOLCTloy  OF  THE  SOLAR  aYSTEM 

ctut-tuaions  tliBl  it  ID  novciuuiry  to  aluxmlun  tlm  ring  theory 
iH-oaiiM*  it  IH  iiicoiiaistcut  with  t.-crtain  data  givvti  by  nlMor- 
VHtiiin    wbuii    Lukeii    iu    eoiiiiectiou    witli   the    piincifilcA  of 
•ly»aiuii-9>.     Kiiiut!  iif  Hustn  things  which  am  coiitradic-Uiry  to 
tltv  tluxiry  will  now  be  viiuiiittnitud   aiul  briefly  dixiJuiueU. 
TUc  ]>niici|ila  ones  Hrv  :  — 
J      1.  The  cuusidcmblv  mutual  inclinatiunH  of  the  pluucs  of 
^■be  jthuiftAry  orbits,  and  the  incliiiation  of  the  plann  of  the 
^Bbd'o  e()uul»r  to  th«  ff«iienil  {ilaiie  of  the  nyttteni,  are  not  to 
^b*  es|>M;t4H)  (lu  tlie  baMiit  of  tho  riiif;  theory. 
H^    S.  'Hio  ccceiitrieitim  of   the  plaiR-liiry  orbitii  are  not  to 
VW  exinTtetl  on  thv  ImsiH  of  tbu  rin^;  lbut>ry. 

S.  The  orbitM  of  the  pUuHtoiiU  conlrnilict  the  nn|;  theory. 
4.  The  ropiil  revolution  of  rhuboN  and  of  thi'  parttcles  of 
lh«  inner  ring  of  Sutnm  oan  not  I>v  natiafactorily  explained. 

tfi.  The  pre»enL'e  of  light  elemenM  in  the  earth  is  not  to 
exiNx-tetl. 
6.  A  seri<T8  of  nofpi  c-ould  not  have  been  left  off. 
7.  A  ring  i-ould  not  have  condi-nsed  into  a  planet. 
8.  The  moment  of   momentum  of  the  preavnt  system  b 
■  than  jjn  of  tiMt  of  tho  HupiKiHed  initial  nebuhi. 
0.  Th<-    rrtrojinule  nrvolutions  of   the  ninth   satellite  of 
Solium   and  (probctbly)  of  tlie  seveiith  aatellitv  of  Jupiter 
liiilly  eontrailiil  U»e  theory. 

Tlifse  ntittoiiiciitn  rei|uin!  some  explaualinn. 

^L  3M.   The  IndlnationB  of  the  PUoes  of  the  Planetary  Orbtts. 

^^^Acccinling  lutlif  Litpliu-inn  hypothfius.  ihv  uri}^niil  solar 

^Eabula  id  BUp[»>iie<l   t<i  liavv   niuiiilaliiud   iu  dimenKions  ■)• 

ntMt  wholly  liecause  of  the  i;)u>*^ut  cspaiision  of  its  jiarta. 

iJarvin  said   iu  the   inlroduetioo   to  his   investigations  on 

tlie  mecbanieat  eonditioiui  of  a  HWarm  of  meteorites, "  Hut  the 

v«ry  vMsence  of  tlic  nebular  {l^placian)  hypotliesis  is  the 

cooceptioa  of  fluid   pivAAurv.  ntnee  without  it  the  idea  of 

m  figure  of  equililniura  iKomii-H  inapi>licable."     He  showed 

~^f  this  pKpcr  that  thv  iiiirl«-<itic  sw^nn  V'«\VK\v'wu^.iw^t»  ^Snn 
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nebula  as  a  special  case)  would  soon,  whatever  the  initial 
irregularities,  rotate  as  a  solid.  It  follows  from  this  fact 
that  the  planetary  orbits  should  all  lie  in  the  same  plane,  or 
at  least  that  those  of  the  inner  planets  and  the  plane  of  the 
sun's  equator  should  deviate  but  very  little,  if  any,  from  one 
another.  As  a  matter  of  fact,  the  differences  in  the  planes 
of  the  orbits  of  the  planets  near  the  sun  are  not  only  consid- 
erable, but  they  are  much  greater  than  the  mutual  inclina- 
tions of  the  planes  of  the  orbits  of  the  major  planets,  and 
the  plane  of  the  sun\s  equator  is  inclined  several  degrees  to 
the  general  plane  of  the  system. 

357.  The  Eccentricities  of  the  Planetary  Orbits.  —  Accord- 
ing to  the  conditions  postulated  in  the  Laplacian  theory,  the 
orbits  of  the  planets  should  be  very  nearly  circuhir,  and  the 
more  nearlv  circular  the  nearer  they  are  to  the  sun.  But  it 
is  found  that  while  Neptune's  orbit  is  very  nearly  round, 
Mercury's  orbit  is  more  than  twice  as  eccentric  as  that  of  any 
other  planet.  The  general  conditions  are  indicated  by  the 
fact  that  the  orbits  of  the  terrestrial  planets  average  more 
than  twice  as  eccentric*  as  the  orbits  of  the  great  planets. 

358.  The  Orbits  of  the  Planetoids.  —  It  follows  from  the 
riuLif  theory  that  the  orbits  of  all  the  members  of  the  svstem 
sht)nl(l  be  distinct  from  each  other.  It  is  found  by  obser- 
vation that  the  orbits  of  at  least  530  planetoids  are  looped 
tlirough  each  other  in  a  most  complicated  fashion  ;  some  are 
]U'actically  in  th(^  ])h\nc  of  the  ecliptic,  while  others  are  very 
hii^hly  inelincil  lo  it  ;  and  some  are  almost  perfectly  circular, 
whil(.'  others  arc  very  elongated.  Undoubtedly  the  pertur- 
l)ations  by  Ju|)iter  have  disturbed  the  initial  arrangement, 
but  it  is  scarcely  possible  that  they  could  have  developed  the 
j)rcsent  conditions  iVoni  orbits  which  were  originally  concen- 
tric circles,  or  from  matter  which  once  revolved  around  the 
sun  in  a  circular  ring. 

Similarly  the  orbit  of   the   planetoid    Eros  reaches  from 
near  the  orbit  of  the  e'luUv  ovvt  beyond  that  of  Mars.     Not 
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I  l«IDark>bIc  fruin  the  t>tHi]ili>oint  of  the  l^pluciati  tlicory 
iHtJ^  biclitMtion  {,10*)  to  tlu>  orbim  of  the  eurtli  and 

SS9.  The  Rapid  Revolution  of  PhotMs  and  the  Inner  Ring  of 
Saturn.  —  A.-.-.iiiliiin  t..  th.-  riiij,'  Uhlit.  iIil-  i«-riu.U  <)f  ruin- 
luiri  i>l  ll»-  jiliiiK'ls "lioiiM  \>v  Mhxrtor  liutii  tin-  [icriiHlH  uf  nnolu 
tiiiii  iif  nil  (if  tliuir  reRjifc^tivu  satcliitrs.  for  an  a  plaoot  slirmik 
away  ftvm  the  last  ring  it  woultl  cimtinuuUy  rotate  more 
ra|ii(lly.  Itut  I'IiiiImx  ruvolvett  in  mthortfr  time  than  lit  re- 
quired for  u  rotation  of  Mnn<,  luid  tfimiluHy  iIk'  [tarliclM  con- 
Miltitin^  the  inner  [xtrt «if  Sutiirn'iirintfspvrformn  revolution 
in  loM  tJiun  tho  i>lnnDt's  iwriod  of  rotation.  If  the  first  in 
explained  by  tidal  uvolulion,  the  action  of  I'hoboa  introdocea 
a  more  vmlnrrafwinf;  difficulty,  and  it  muNt  be  aaamned  that 
Saturn  ia  SOOO  linica  lui  nltl  nn  Man*  in  order  to  explain  the 
■econd  in  llie  xame  way  <Art.  M-'tlt). 

The  EKape  of  the  Light  Case*  from  a  Ring.—  If  a 

rv  Irft  off.  il  would  1><-  m>  uidi-ly  fxlrndi-<l  tliut  tliii 

tual  gravitation  of    itx  jmrts  would    bo   very  feeble,  and 

aceiinlin;;  to  thit  kinetie  ihi-ory  of  ^ascM  (  Artx.  110  and  111), 

all    the  li);)iter  vlcueiita   would  eHca|)e.     But   thi-   li^hli>st 

Itmiwu  (Uiinient,  iiydnigen.  >*  nbiimlant  on  thff  earth,  though 

now  in  (-belli it-til  eondtiiiulton  Willi  other  elenienta. 

361.    The  Leaving  off  of  Rings. — It  i*  raoy  to  overlook 

fant  tluit  the  iHtstnlaleil  nebula  niuKt  liitve  br«u  exoea- 

ively    tare.     Aocordin);   to  the   hypotheaes  inwlo,  it  muni 

ive  been  denM<r  at  il«  center  than  near  its  iwriphery.     But 

we  suppoee  that  il  woh  Itomoffeiieous  and  that  it  reached 

it  to  Neptiine'a  orbit,  we  tind  ttuit  ita  density  waa  onljr 

.4i*.***  ''**  *''  "''■  ••*  '*"■'  "*■*  'i"*'^I-     Neirtune'n  ring  ooald 

have  lR>en  ao  dense  aa  thia.  which  ia  many  tiniM  ranr 

Uh*  licst  vacuum  yet  pniducetl  in  our  laboratorim.    Now 

tiag  of  aiich  rarity  would  have  IukI  no  colteaioD  and  would 

have  aejiaratewl  except  particle  by  jiarticle.     When  the 

WW  unoe  started  it  Becttui  tW  vv  AuiiA^  >».'«*.  Nw»- 
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continuous  instead  of  intermittent  as  the  theory  supposes. 
The  theory  postulates  tliat  when  a  ring  was  left  behind  the 
nebula  was  made  stable  for  a  long  period  of  contraction. 
Itoche  has  attempted  to  show  that  rings  of  considerable 
dimensions  would  be  abandoned  at  certain  intervals,  but  his 
work  on  this  point  is  far  from  conclusive.  Every  other 
writer  on  the  snl)jeet  has  keenly  felt  this  ditficulty.  Thus, 
Faytj,  in  liis  modification  of  the  Laplacian  theory,  supposed 
that  the  whole  nrhula  broke  up  into  rings  simultaneously. 

362.  The  Condensing  of  a  Ring  into  a  Planet.  —  \\'e  may 
assume  for  tin*  sake  of  argument  that  rings  are  abandoned 
and  iriijuin*  whether  they  will  unite  into  planets  or  not.  The 
matter  of  tln^  riii^^  would  be  very  widely  spread  out  and  the 
mutual  ^gravitation  of  its  i)arts  would  be  very  feeble.  The 
appropriate^  investigation  shows  that  the  tidal  forces  coming 
from  the  inlcrior  mass  would  more  strongly  tend  to  scatter 
tin*  material  than  its  <j^ravitation  would  to  gather  it  together 
into  a  planet.  ( 'onse(iuently  a  ring  could  not  even  start  to 
condense  into  a  j)lanet.  It  would  be  something  like  a  comet 
which  heconies  utterly  dissipated  by  ti<lal  forces. 

To  <^nve  every  j)ossii)h*  advantage  to  the  ring  theory,  we 
may  assunu^  tluit  ;ill  the  matter  has  been  gathered  into  a 
])lan(!l  excej)t  a  ring  of  very  small  particles,  and  then  ask 
ourselves  whether  this  minute  remainder  will  be  brought  to 
the  planet.  Investigation  shows  a  strong  probability  that  only 
that  part  of  the  rin^^  which  is  within  60°  of  the  planet  could 
be  hrtMiLjflit  on  to  it  in  any  time  however  long.  That  is,  if 
we  assnmi^  that  \\\{\  j)rocess  of  formation  of  a  planet  out  of  a 
rini^^  is  almost  finislie(l,  we  tind  that  it  can  not  complete  itself. 
This  shows  the  st ronti^  improbability  that  the  assumed  stage 
could  ever  have  been  reached  bv  condensation  from  a  more 
uniform  ring. 

363.  The  Moment  of  Momentum  of  the  System.  —  What- 
ever evolution  the  system  may  have  undergone  in  conse- 
quence ot  the  mutual  inlet  .i^lvoii^  ol  \t&  ^rts^  its  mass  and 
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it«  wbulo  i(uaiitity  uf  niUition  (niimiciit  of  momi'iilutii)  Iwve 
reiiuiiiiffd  coiiiiUnt.  If  no  uuvrgy  lk»i]  Iwi'n  loot  by  rwlialKin, 
•re  nii);)it  mlil  to  tliis  Uitil  tlio  iiimi  of  tlie  kinetic  atid  (njtvii- 
tial  T'lifFf^vM  liiut  ulwi  rKiiiniiitHl  conMluiit. 

The  l^|tliM-iNii  liyi»itlit?9itt  MUpiHiM-it  ihnt  the  Milar  iicbuU 
once  i>xt<.'n(lc(l  out  bt-ymtl  t]i«  orbit  of  Ni-ptuiin  and  ttuit  it 
mu  in  a  conditiuu  uf  hydrodynainiral  eiiuilibrium.  lt«  form 
di'|«ndMl  ui>oii  it«  rate  of  rotation,  Rml  it«  density  upon  it« 
roUttitin  iind  tlie  hiwii  of  gaseoiiit  expiinxion.  If  we  knew  its 
(onn  and  it«  Uw  of  density.  Iim  moment  of  niotucutmn  could 
««>ily  Iw  found.  Nuj^lretiuf;  the  rotiition,  the  Uw  of  deUHity 
baa  hwn  computed  by  Ititter,  Ilill,  and  DnrwJn.  The  efTecl 
of  tbo  rotation  is  to  make  the  body  oblate*  and  to  phiee  a 
Ur);er  jwrt  o(  itit  nnuui  far  from  itt  axiH.  Couse<]  uently.  if 
we  eoiujMite  the  niomeni  of  niuiuentuni  under  the  oAHUiuptiiin 
tliiil  the  bo«ly  is  a  npbcrt)  whiM«e  law  of  deuriity  is  that  fimnd 
'  i  Kilter,  Hill,  and  Darwin,  we  shall  ^t  a  renult  whivb  ia 
>••  fimall.  Therefore,  since  the  moment  of  niomvniuin  ncx'er 
'  hiitt^a.  if  the  syfiUMu  hiw  evolved  from  Huch  an  orif[inal 
nebuU,  ita  pre«fnt  moment  of  momentum  must  bo  f^nitcr 
than  thia  quantity.  Hut  the  jireaent  moment  of  momentum 
is  eaaily  cvini|iuted.  an<l  U  it  faund  that  in*Uiiii  of  hting  laiyer 
(A«M  the  yiMn/ity  {irrrioMtty  nhlain*\{  it  it  Irtt  tkitn  j  J  g  o<  gnat. 
Thia  is  a  iTueial  ttMl,  and  the  munerieal  diM'rt^itanWoi  are  mo 
t  thai  it  ia  certain  that  the  fundamental  {nHitalate  of  the 
ifJaeian  theory  ivapectiniT  the  orij^inal  condition  uf  tli«  sya* 

a  wronp. 

CliandHrlin  proaenU  the  difficulty  in  a  difTervot  way. 
"bniuder  tli«  aupjKMed  Kystvm  at  the  time  Jupiler'a  rin^  wma 
tout  to  I>e  left  olT.  The  whole  inaaa  ia  Nuppotted  to  Itava 
wn  rotating  as  a  aolid.  When  Jujiiter'a  ring  waa  abam 
aetl.  i^Qf  of  the  whole  maaa  wua  ae|>arale<l.  Now  tlie 
onwmt  of  momentum  of  tbianng  ean  uot  lutvr  liecn  appre- 
bly  changed  in  ita  aulwetpient  evolution.  The  mtiatanee 
i>f  mctouriG  matter  baa  doctcaaed   il>  wliiVa  ^.\^^»^  t<c»)!^>A«Kakx 
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which  have  been  exceedingly  slight,  have  increased  it.  We 
shall  not  Ik;  sensibly  in  error  if  we  suppi>se  Jupiter's  rinsr 
had  the  same  moment  of  momentum  that  the  planet  has 
now.  Jiut  computation  shows  that  Jupiter  has  9.'>  per  ceut 
of  the  moment  of  momentum  of  that  part  of  the  wliiJe 
system  which  is  within  the  orbit  of  Saturn.  That  is.  the 
Laplacian  theory  indirectly  atlirms  that  a  nebula  rotaiins^  as 
a  solid  and  in  a  state  of  hydrodvnamical  equilibrium  Ciin 
abandon  a  ring  containing  only  ^^i  ^^  ^^^  P*^^^  *^'*^"^  ^^  ^^^  mass, 
but  1)5  p('r  cent  of  its  moment  of  momentum.  The  thing  is 
(juite  incredible. 

364.  The  Retrograde  Revolution  of  the  Ninth  Satellite  of 
Saturn.  - 'I'lie  ninth  satellite  of  Saturn  revolves  in  t!ie 
rtftrogradi;  direction.  This  apparently  is  an  impossibility  if 
the  Laphnian  hypothesis  is  true,  but  it  has  been  sugi:resled 
that  it  niav  be  exiilained  bv  tidal  evolution.  The  sutrLT^'s- 
lion  is  that  wlicjn  Saturn  extended  out  to  the  orbit  of  the 
ninth  satellit<',  it  rotate*!  in  the  retrograde  direction  with 
i\ui  period  of  this  bodv.  I'hc  tides  raised  in  the  mass  bv  the 
sun  would  tend  to  biin<^  it  to  the  condition  where  it  alwavs 
has  the  sann;  side  tr)\vard  the  tide-producing  body,  just  as 
the  moon  and  .Iap<'lus  always  have  one  side  toward  the  earth 
and  Saiuin  iesj)t'(;tively.  That  is,  the  tides  gonerateil  by 
the  sun  air  supposed  to  have  stopped  its  retrograde  rotati<»ii 
and  to  Jiavr  L;iv,.ii  it  a  forward  rotation  whose  [)eriod  was 
(Mpial  to  its  prriod  of  revolution,  or  29.5  years.  As  the  Kxlv 
(•out  rai'li'd  from  these  dimensions  it  would  rotate  more 
rapidly,  and  the  nMuaining  nine  satellites  are  8up[)Osed  to 
have  been  d^vilojjed  from  rings  which  were  successively 
abandoned  aft«M'  its  rotation  had  become  direct. 

l>ut  let  us  examine  the  <Miestion  more  carefully.  When 
the  rotation  jx-riod  of  tin.'  nebulous  mass  equaled  that  of  its 
revolution,  it  lilhHl  some  s|)aec  as  that  indicat-ed  by  the  dotted 
curve  hi  Fig.  1(18.  I'p  to  this  time  the  tides  generat^id  hy 
the  sun  had  increased  \Vs  \\\o\\\vi\\\>  ot  vaomeutum  by  elianging 
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it  from  ■  ac|^tivo  fpiantity  to  a  twrtein  ixMitivv  qiinntity. 
After  thu  tiliK'  the  tulva  gvni'rntetl  hy  ttie  aim  ilccrnweil  ilM 
nioiDvot  of  raotnontum.  for  tliey  always  n-tardwl  tiie  rotation. 
TIkerofore.  if  the  theory  ia  true,  the  ({reateitt  momeiit  of  mo- 
iDcntiim  in  the  wholo  history  of  the  Sittumian  system  Mhould 
be  f(iun<)  whi>n  the  day  and  year  of  it*  nebiiln  were  equal. 

It  in  vmny  to  ffo  to  deeisivo  numerical  rvaults.  Thv  Inr^r 
the  dutt>-d  uircle  wna,  the  lorgur  this  maxitoDm  luuruent  of 
lUDineutum.  To  make  tlie  case  extreme,  we  may  RUppuoe 
that  it  wu  u  Urge  aa  the  orbit  of  the  ninth  satellite.  Be* 
OftOse  of  tbe  exoeuively  slow  rotation  (onee  in  '29.!i  years) 


tm.  iMt. 

klMaly  will  hare  h«rn  scnsilily  sphvrii-al.     Our  rvsult  will 
^tou  loTRK  if  we  take  the  masn  as  homo^KeneoUA,  for  it  woa 
nly  deumr  luwont  tbe  center.     With  theav  aMUrnpUoiis 
9  oompute  what  shootd  be  lar^r  than  the  woxiniuin  moment 
IDomeiitnm. 
[  When  the  mow  hod  shrunk  down  to  the  dimenioonH  of  the 
Ut  of  Ja|K-tUH,  it  ia  nii])]i<i«<!(1  to  liuve  been  rot«tin;{  in  tliv 
iod  of  JapeluA.     If  we  aosunie  titat  it  was  splwrkiil,  we 
ill  obtain  a  result  which  ia  too  smalL,  for  it  will  have  bc- 
B  auHMiwhat  flatleneil.     The  HMUtnyVvun  oV  'WADA^e^timN^ 
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will  enter  about  as  before,  and  we  shall  find,  if  the  Laplacian 
theory  and  the  suggested  explanation  are  true,  that  the  mo- 
ment of  momentum  was  then  considerably  smaller  than  before. 
But  the  computation  shows  that  it  was  more  than  seven  times 
SIS  great.  Consequently  the  explanation  fails,  and  the  retro- 
grade revolution  of  this  satellite  squarely  opposes  the  Lapla- 
cian theory. 

If  the  seventh  satellite  of  Jupiter  revolves  in  the  retrograde 
direction,  as  observations  so  far  seem  to  indicate,  the  dis- 
agreement is  still  more  striking,  for  the  sixth  satellite  revolves 
in  the  forward  direction  at  almost  the  same  distance  from  the 
planet. 

QUESTIONS 

1.   Discuss  the  value  of  a  theory  of  evolution. 

*J.  In  what  ways  may  a  false  theory  be  valuable,  and  in  what 
harmful  ? 

:i.  Can  you  give  examples  of  any  phenomena  which  are  not  related 
to  anv  tlu'orv".' 

4.  AVhv  should  we  follow  Kant's  idea  that  the  evolution  of  the  svs- 
tern  has  been  from  the  sini]>Ie  and  uniform  to  the  complex  and  hetero- 

g«Miet)Us'.'' 

.').  Wliat  was  the  fatal  error  in  Kant*s  theory?  How  did  Laplace  avoid 
this  error?  Is  it  ccnrect  to  say  that  Kant*8  theory  is  useless  because  it 
coniains  a  fundamental  error? 

().    Wliai  ]>henomena  are  in  agreement  with  the  Laplacian  theory? 

7.    What  }»lien<)mena  are  neutral  with  respect  to  the  theory? 

s.    What  i)hen(^inena  contradict  the  theory? 

r».  In  the  light  of  Darwin's  work  on  the  mechanical  condition  of  a 
swarm  of  mete(»rites,  what  dynamical  differences  would  there  be  in  the 
evulutinn  starting  from  the  meteoritic  hyix)the8i8? 

1«).  l)raw  a  diagram  showing  how  a  force  applied  to  the  moon  in  the 
direeiiiMi  of  its  iin)tion  will  enlarge  its  orbit. 

11.    l>raw  a  diagram  showing  the  ]>osition  of  the  tides  wlien  the  day  • 
is  l(»nger  than  the  month,  and  show  what  their  effects  are  upon  the  lengths 
of  the  <lay  and  the  month. 

1*J.  What  facts  go  to  confirm  Darwin's  theory  of  tidal  evolution? 
Wh'dt  ojjpose  it? 
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IX   Wtuit  dinriiltjr  with  the  Lapli 
(nut  ]<«niall.T.  l>r  ti<UI  srolutiun? 

II.  Wlikt  ubjcrttnna  Ui  ths  Lkplacian  tlu-ury  kppl,v  njuallr  tu  iho 
tt(*>u7  that  lump*  wvrp  fiirniin]  in  th«  tHjufttur  uf  llu-  Mitai  nrbul*  •ml. 
Iivtuic  Irit  110,  funtnctml  iiilii  tlat  mirrsi  pUorla? 

I  j.  Sunioau  ■  nrbukiua  riiifl  wxrc  AbkCiilnitml  and  tlwt  on  oiip  aide  ttt 
Ihf  *iiu  it  Iia4  tlM<  iliitAHon  of  N'Rpluiii-,  and  Itimt  on  tlw  otiicr  niila  it  «»■ 
MMM  milint  iMtaiiiT  tl>t<  nun.  From  Kt-fikr'n  thtnl  law  flnil  liiiw  niRiij 
yr»r*  ndulil  W  n><|iiiml  Im  iIh>  innpr  jmnion  to  oTprtakit  tlw  oulrr  in 
t»a|[itmli>.  nipjioaiiiif  tlul  tho  tlifTrmiit  [*rtit  ilid  not  dialutb  oaufa  otlmr'a 
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TUE  SPIRAL   SKIICUA    HYI-OTUKSIS' 

3S5.    BTpotbesis  respecting  the  Antecedents  of  our  Present 

Sjrstem-  —  'V)n>  nolar  AyHtt- m  exixU  uixl  in  in  [lit;  niitUi  of  u» 
fvoluiiiiii  :  lltt^  jirolilem  im  Ut  tnvv  miX  lUi»  evolution.  Tlic 
historical  tlioorivM  hnvv  bt.'cii  mixhi  to  1m  uiitt'iiublv,  and  tho 
quMtioii  mriMH)  wliutlicr  at  tito  j>rra«nt  tiint'  an  hypotlieaiii 
out  bv  formulatcxl  whoso  itnplicAtionn  ar«  in  it^i'Wiciit  with 
obnened  phonotneni.  An  attempt  is  now  being  made  to 
work  out  a  theorr  along  tuiinewhat  new  linea,  and  a  aketch 
of  it*  main  featuren  will  \t<  given.* 

liMtcad  of  8U]iiKHung  that  the  aolar  «yKl«m  atarteil  from  a 
v«Kt  gaantna  mam  in  efgiiilihriuni  inidrr  the  law  rtf  graviu- 
ii<in  and  thv  laws  of  gascdus  ex[iansion.  the  spiral  hy|N>tbv«U 
jMMaulalM  tliat  the  matter  of  whicli  tht*  sun  ami  planets  are 
otimpfMml  was,  at  a  previnus  stagu  of  its  isvolution,  in  the  form 
of  a  great  spiml  awurm  of  discrete  particles  whnae  [Kisitinns 

'  nu  ta  raUciJ  Un  ■■  rtkiwIMlRiil  llypothmU"  by  rtrifnwor  Chunbvrllii 
lor  nmmm  wlikdi  will  b*  pspUUwd.  It  «ill  b»  calkd  the  SiilrmI  ll;p«ttknb 
hM«  la  onSar  to  kaap  U  ko  aliarp  contrwt  with  tb«  lAjilAclan  hiut  th*->r)r. 

*  T%e  J»wlii|iiB«iil»  A'lcbn)  here  Mm  tha  ^fiamrr.  iif  thr  paper*  by  \'to- 
faaor  CluuibMlla  ami  tlw  autlinr  pnrloculj  t|uotad.  Tba  Utat  prtnitd 
•eoooBtaf  iba  Maw  tbaury  la  irtf«n  In  Chanbitriln'a  paper, 
ITnhhWM  <<  Oaok«y,"  Tear  Book  Ka  X  ol  the  CanM«l«  InMlUtkni  ct  Wade 
lafUn.  Il  haa  alao  hnn  itipoundad  by  tba  aiubor  In  tbe  AMUnftj^ni 
J<maai.  Ovbibar.  IINM.  Tb*  work  at  itotalfifrinK  Iba  thwn  tea  ^aan,  «mBi. 
aaaMad  by  gianla  ttom  Um  Clatwgta  InMHaUna. 
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ami  motions  were  dependent  upon  their  mutual  gnritatioiii 
and  their  velocitiea.  Gaseous  expansion  preserved  tlie  tli- 
mentiionH  of  the  Lapkcian  nebula,  wLile  in  this  the  orbitAl 
motions  were  the  doiniuaiit  factor.  Because  of  the  fact  that 
every  particle  is  supposed  to  have  moved  nearly  indepeiidenli.v 
like  a  planet,  Chumberlin  calls  the  theory  the  fiatttt^mil 

before  discusBing  the  possible  origin  of  a  Bpirul  swEmi 
of  particles,  and  the  details  and  merits  of  the  planet«si)Dil 
theory,  attention  should  be  called  to  tlie  fact  tlmt  th«re  is 
not  an  example  of  a  Laplacian  ring  nebula  among  the  thou- 
windM  of  nebulas  which  are  known.  On  the  other  tnuid. 
spirals  are  very  numerous,  particularly  among  the  smaller 
and  fainter  nebulas.  The  photographs  which  Kecler  mnde 
at  the  Lick  Observatory  shortly  before  hia  death  led  him  l" 
the  conclusion  that  the  spiral  is  the  normal  type.     He  said  -. 

"1.  Manythousands  of  unrecorded  nebulas  exist  in  the  sky. 
A  conservative  estimate  places  the  numlter  within  the  nach 
of  the  Crossley  reflector  at  about  120,000.  The  number  of 
nebulas  in  our  catalogues  is  but  a  small  fraction  of  this. 

"  2.  These  nebulas  exhibit  al!  gradations  of  apparent  siie 
from  the  great  nebula  in  Andromeda  down  to  an  object 
wbieli  is  hardly  distinguishable  from  a  faint  stnr  disk. 

"8.  Most  of  these  nebulas  have  a  spiral  structure.  .  .  ■ 
While  I  must  leave  to  others  an  estimate  of  the  importaniT 
of  these  conclusions,  it  seems  to  me  that  they  have  a  very 
direct  bearing  on  many,  if  not  all,  questions  eoncennng  tlif 
cosmogony.  If,  for  example,  the  spiral  is  the  form  nonnally 
assumed  l)y  a  contracting  nebulous  mass,  the  idea  at  once 
suggests  itself  that  the  solar  system  has  been  evolvcfl  from 
a  spiral  nebida,  while  the  photographs  show  that  the  spiral  is 
not,  as  a  rule,  characterized  by  the  simplicity  attributed  tn 
tile  contracting  mass  in  the  nebular  (Laptacian)  liypothesi*. 
This   is   a   iiuestion    which   has  already  been   taken    up  by 

M/jibcrJii)  Hlni  Mo\i\U)ti  »-A  ^Vv;  l^wvvatsity  of  Chicago." 
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»  «pirml  iitsliulaa  liavu  dnrk   Inneti  dnwn  bvtwctfti  tlivir 

1  it  U  Bvi(li-nt  thitt,  if  the  (liBtrilititioii  of  malU-r  in 

I  approximately  aa  il  nppi'iirH  t»t  \tv.  llicir  foriiu 
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t  pnsenrd  nltnrMt  entirvl.v  by  iho  motions  of  ilwir  a 
f  pu-U  ituiU'ad  of  by  ^itwims  prt-s8iiro. 

A  Poadble  Orifln  of  Spiral  If cbttlu.  —  The  th«()ry  of 
|tl>n  i'\iiUilioii  iif  tilt-  ttyMtcn)  rmm  it  >>]iinil  nebnU  is  larf^fly 
tflat«u<l«itt  of  any  hypothvvu  about  thu  un^w  ^A  >\ve  w^r^. 
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However,  a  possiWe,  and  even  probable,  mode  of  generation 
of  these  remarkable  forms  lias  been  suggested  by  Chamber- 
lin ;  and  for  the  sake  of  having  a  definite  theory  to  work  on, 
it  will  be  assumed,  at  least  provisionally,  that  the  solar  spiral 
nebula  was  developed  in  this  way. 

The  stars  are  moving  with  respect  to  one  another,  oft«n 
with  very  great  velocities,  and  apparently  in  every  direction. 
It  follows  that  ill  the  course  of  a  time  which  may  he  extremely 
long  indeed  they  will  pass  very  near  other  stars,  or  possibly 
collide  with  them.  If  a  collision  occurs,  the  chances  are  very 
great  that  it  will  be  oblique  rather  than  central,  and  a  spiral 
may  he  formed ;  but  tlie  chances  of  simply  a  uear  appronch 
are  enormously  greater,  and  only  this  case  will  be  treated 
here. 

When  two  large  bodies  come  near  each  other  tliey  are 
subject  to  great  tidal  straine,  which,  according  to  the  re- 
searches of  Uoclie,  entirely  break  them  up  If  their  distance 
apart  is  less  than  2.44  ■  ■  ■  times  their  radii.  Suppose,  how- 
ever, that  this  limit  is  not  reached.  Then  they  do  not  dis- 
integrate under  tidal  strains  alone,  but  when  these  forces  are 
added  to  the  eruptive  tendencies  of  highly  heated  gaseous 
bodies,  it  is  almost  certain  that  masses  of  matter  burst  out 
and  recede  to  great  distances.  It  is  like  the  eruptive  promi- 
nences on  the  sun,  only  on  a  vastly  gi-eater  scale.  These 
eruptions  occur  in  the  directions  of  the  greatest  disturbin); 
forces.  It  follows  from  the  character  of  the  tide-raising 
forces  (Art.  177)  that  they  are  straight  toward  and  from 
the  tide-raising  body.  If  this  matter  were  undisturbed  it 
would  fall  straight  back  on  the  Ixidy  from  which  it  burst 
forth,  but  the  tide-raising  body  changes  its  orbit  into  an 
ellipse,  as  will  be  shown. 

367.   The  Disturbing  Acceleration.  —  As  preparatory  to  con- 
sidering the  disturbing  effects  of  one  sun  on  the 
ejected  from  another,  the  character  of  the  disturbing. 
tion  will  now  be  mvest^galed. 
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I^t  the  two  suna  be  S  ta\d  S',  uixl  reht  lh«  tnolioii  of  .¥* 
II  .V.  from  which  tlie  inatler  w  hu)i|mm«iI  to  hnrc  U-i-n  injected. 
Mi{>[iuM  iS*.  movM  Hrotitiil  S  in  n  jurabolic  or  hyijerltoUo 
orbit  in  the  ilircction  inJii<at**(l  by  the 
arniw.  CuDsiiler  a  Hniall  tuafw  of  mat- 
ti-r  nt  P  anil  litiil  the  dtatttrbiiig  acc«l- 
rratiuu  whitb  <?  exertA  uixin  it.  Ixit 
SA  rf]ireM>ut  tliu  urcel^mtioii  uf  .S* 
ii|>iin  S  ill  direction  and  iimonnt.  I^ot 
I'h  rvjirMi-nt  tht*  u-coli-ratiou  of  ^ 
iijHin  f  in  dint'tion  and  ainouDL 
Since  .V  w  nearer  to  /*  tlnin  it  is 
I..  .V.  /*ft  14  lonf^r  thiui  SA.  From 
thi:  fml  that  th«  attraction  variea 
inv«-rwlv  lu  the  xgiiaru  of  the  dU- 
_  Udcc,  it  follows  that 

1     .     I 


SAiPS= 


m*  ?S» 


Now  ruoivfl  PB  into  two  compo- 
nent*. on«  of  wtiicb  shall  U*  equnl  and 
pM«Uel  to  SA.  That  is,  when  PV  is 
drawn  <^ual  and  parallel  to  SA  the 
srcrl«ralion  7*ft  in  (sjuivalent  to  ihe 
two  acrrli«nitlnnH  PC  and  Ptl.     But 

KntLalive  pcwtitinna  of  S  and  P  an* 
ctuiD|l«<l  bv  the  equal  parallel  iicv 
ration  SX  and   PC.      Ilenw  tlie  ^"^  '^ 

diaturblng  ai'orlenition  ia  th«  n>mainin^  i-omitonent  PJ). 
Tli0  correapnndiHf;  6|pirv  ia  dmtrn  when  the  disturbed 
particle  ia  at  P'. 

EThe  funeral  nmnll  i*  that  th<>  dtiiturbing  iyiin|innenl  of 
BeJemtion  ia  nlwara  dir>%tr<l  toittint  tbi-  lirn-  joining  .Vand 
,  Wli«n  tilt-  ilialnrUnl  [tartitlc  is  in  the  rv}piHiof  Pot  P', 
t  diatnrlMtiLV  ia  in  the  dirvclUiU  u(  taalVnt^  u\  S  . 


iG?< 
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)li8-  The  Development  of  Elliptic  Orbits  of  Particles  ejected 
rrum  the  Sun  in  Straight  Lines.  —  >appos?e  ii  siualL  mass  i> 
it.ijMii  'r«Mii  >'  tnwuni  .S  .  1:  'a:11  fi>r  a  coQ-sulerable  lime 
■ii.'wr  uir.  frniii  .V  in  n  nf^iir'.y  s::.-/.^h:  linr.  In  the  meaniiuif 
"^^  vv:il  •ihjvf."  fi.ru-jiril  in  :t>  .rVi:.  xrA  ciie  con<liti«.>ns  wililx- 
ii>  :i'j»r».'.'«^Mtf4  iii  Vv^.  17".  I:  :  ILjws  tr«»ni  the  character  of 
■.11..-  ii^tni'ljin'^  for«:M  tiiat  r:iv  >:::.tll  mvL-sj  will  be  turue«l  in 
;ii.;  -iirv'i  riiMi  ••f  ri:v»jluii'>ii  •:'  ^" .  Tiin:  amount  of  turuiii!; 
tli.'C'.Mils  iii't.ii  lilt-  mass  ♦.'I  ■>  .  :Le  tr«-centrLcitv  of  its  orbit, 
\\ix:  !i«.iirii«.'ss  "i  il.s  Jipj-ri-.i.::;  :..  .>'.  ::.>  .li^tance  from  the  peri- 
ii..li«)ii  li  r.i.ir  tini'r  tiiL-  rniittvr  is  e'cCieiL  and  the  velocitv  with 
wliirii  :r.  is  i;;--t'Ml.  It  i^  a  'li^o^ilt  au«l  laborious  prooe.ss  t»» 
'I'iiiiMiLL-  tl:-'  'Ui-vm  wiiii;ii  will  ii^e  dc^-ribed  in  any  particular 
■  .i.Nf.  -iJir.  I  Li;  -.■'■:Mi;Ui;iti'-n>  >■•  t\ir  made  indicate  that  the 
liivit.'l  !r:as>.-<  will  br  Irf:  iii'vi::;;  in  elliptical  orbits  aftiT 
■^"  :i;i>  i>;i.-v'i'-'l  ><  •  :..iv  tl.i:  :r>  liistTirbini:  influence  is  no  lon^'er 
•  ■I  ■  Id; -I ':•[;« ::■•':.  l*i''i>-lv  siinil.ir  remarks  apply  to  the  matlt-r 
-  ■:.;  :.-i  :::  r!;.'  iiirv  ::--n  "['{"^••site  to  •S'. 
The  Formation  of  a  Spiral  Nebula.  —  The  material  is 

presumably  ejected  at 
frequent  intervals  diir- 
iiiv;;  the  whole  time  that 
•S"  is  in  the  neighlx)!- 
hood  of  ^y.      The  sepa- 
rate   piirts    will   have 
traveled   along   the 
paths  indicated  by 
dottetl    lines    in    Fii;. 
171.     The  particles 
which  were  ejectetl 
Usiance  moved  in  tiu-  small 
As  >'  .![•'. 'I'facheil  its  |)eriheli«)n  thi' 
^- ;  .      :  V  r  •  Loo  •  i  ies  and  desc ril  ie« I  l he 
v..'.'  j\i:'ii»  Ies  describing  thei-urves 
'» .Uhl  ••*    wvvv  K  i  v;v'  I  ^\  v,v.  >'  \\\ks  iiearest  •?.    The  remainder 
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1  after  .V  had  |iKS8e<l  its  pttriticlion  and  wbcn  iu  dis- 
S  wa»   iiicrviuiiii);.     Thwte   curves  are  Kmallvr, 
ing  like  tluNHt  (IciKiriWd  by  the  parljclea  finit  ejected. 
rs  M^v  tk  spiral  tiptiiiln  we  du  Dot  si«  tlic  \iatU»  which 
•  sepaniti*  mawioH  have  dencrihed.  but  thf  jmsiiioiis  which 


m;  uecDpy  at  the  time.  In  the  preHent  cum  if  a  smnolb 
■rve  in  drawn  through  tlie  ref^rnx  whrra  the  matter  ta 
■iiae»t,  it  will  form  ii  sort  of  double  spiral  ah  reprenented 
r  the  full  lim-*.  TIkti'  will  bo  nu<-l('i  here  and  llierc  alonff 
•  aniM  of  the  Hpiml  where  Uifte  tuiuMcn  luive  been  ejeelwl, 
1  the  whole  apace  will  l>e  nitire  or  lem  lilltHl  with  Sn< 
Bvided  and  nebulous  muterial.     It  miut  b«  Ki>Mvn.Wv>:^' 
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tke  matter  data  mat  mvwt  m^tg  the  mrmt  ^  Ike  tjHral,  but  lo 
orbits  which  croas  them  at  Imrge  angles.  Tfae  particles  io 
the  smaller  orbits  will  more  tatter  than  the  uater  ones,  anil 
the  Bpiral  will  become  move  and  mora  eoiled  with  sge  until 
its  Kpiral  citar&cter  can  no  loiter  be  discerned.  In  the  pho- 
tographs of  spiral  Debnlas  the  turn  mrtmM  can  nearly  always 
be  easily  made  out.  atwl  it  is  ugnifieaat  that  no  other  number 
is  certainly  found.  But  it  is  almost  certain  that  the  spinl 
nebalaa  which  hure  been  photographed  are  much  greater 
tlian  the  one  from  which  our  system  may  have  dev^oi>e(l. 

370.  The  Development  of  the  Solar  Sy^em  from  a  Spiral 
Vebula-  —  The  cmsi-qaences  of  the  hypothesis  that  the  solw 
sysleiD  has  developed  from  a  s{urHl  nebula  of  the  type  jott 
coBsidered  will  now  be  worked  i^mt,  and  the  results  wUl  bit 
compared  with  the  known  condition  of  the  system. 

For  simplicity  in  the  exposition,  the  statements  will  lie 
made  positively  as  though  there  were  no  further  quesUou 
about  the  evolution  of  the  system,  and  as  if  this  were  sim[dv 
an  account  of  its  development.  Ail  those  phenomena  which 
were  enumerated  as  supporting  or  opposing  the  Laplacisa 
hypothesis  will  be  re^'iewed  in  connection  with  the  spiral 
theory. 

371.  The  Origin  of  Planets. — The  various  planets  have 
grown  out  of  the  original  nuclei  by  the  gradual  accretion  of 
the  smaller  particles  whose  orbits  crossed,  or  passed  near, 
their  orbits.  Tlie  larger  nuclei,  especially  those  that  passed 
through  i-egions  rich  in  the  finer  material,  gave  rise  to  the 
larger  planets.  Marked  irregularities  in  the  masses  are  to 
be  expected  rather  than  the  opposite.  The  planetoids  hav« 
formed  from  a  mass  of  raaterial  with  no  large  domioating 
nucleus. 

372.  The  Origin  of  Satellites.  —  When  the  planetary  uudei 
left  the  sun  tliey  were  accuinpanied  by  anmller  secundury 
nuclei.  Those  secomlary  nuclei  which  had  large  velocities 
with  respect  to  their  primary  nucleus  escaped  from  its  gravi- 


Krowrtox  or  tuk 


tativp  roiiln)!  anil  U'CtiniL'  iii<lvpcii()viiL  btHlien.  Wiii'ti  tlnnr 
n^Utivo  vcliicitiwi  wtTf  wry  Kninll,  Ihvy  foil  iijioii  tlii.'  [iriniarjr 
oqi-Il'ub.  Whi-n  tlit-ir  vi'ltH.-iti4.*s  wm  taoderatc,  tlivy  U*caine 
nt<>Ilit»t. 

3T3.  The  Pluies  of  the  Planetary  Orbits.  -  The  planes  nr 
tlicorljitA  of  the  I'liiii)'!'*  lire  vi'ry  iit^nrty  tlii-iwmens  iht*  piano 
of  thv  orbit  of  iS'  wlicn  it  jhuuhmI  hy  S.  It  in  clirar  tlint  small 
■  iiff»?rencv9  in  the  jtUni^B  arc  to  be  oxiwctwl  because  of  the 
Miriocu  i-onditiotui  wluch  control  the  direction  of  projection, 
mill  tlutt  the  grenteiit  difference  may  well  be  in  the  neareiit 
I'lniK-t  whoHe  material  was  for  a  shurlvr  time  uiiiler  the  iuflu- 
i-niif  of  A'.  Moreover,  the  process  of  sweeping  up  thft 
a<ratti*r\-<l  material,  which  in  Kem-rnl  nutlli)  lie  ilidtributetl 
ay  III  metrically  with  rvspcct  to  the  plane  of  the  orbit  of  iV, 
would  tend  to  rcduc«i  the  planes  of  the  orbit*  of  the  varioiu 
budiea  to  coincidence.  In  general,  the  more  a  nncleua  grew 
bj  Bwveping  up  the  acattcred  material,  the  mure  nearly  the 
plane  of  its  orbit  coincided  with  the  general  plane  of  the 
qratrm. 

Turning  to  the  oliMcrvational  data  we  actually  find  th« 
orbit  of  Mercury  more  highly  inclined  to  the  average  plane 
of  the  aystem  tluin  that  of  any  other  planet.  The  orbita  of 
all  tba  great  planeta  are  nearly  in  the  same  plane.  On  the 
otbor  hand,  the  planes  of   the  orbita  of  the  planetoids  are 

I  Aften  highly   iiirliiieil.     For  example,  the  orbit  of  Kroa  is 

"  tclinixl  nUiut  10°  to  the  orbits  of  tlie  earth  and  Mara,  an 

Mrxplniiinblr  coiidilit'n  uniU^r  thi>  LiipUcian  (hit)ry. 

tli.   RotttloD  KoA  Equatorial  Accekralioa  of   tin   Son. — 

I-  pntwtit  rotation  of  the  sun  ix  the  rrsultant  id  ittt  nita- 

hiD  liefott-  the  apfMuumocu  of  .^,  and  of  the  distarbanciis  pro- 

■  darv<)  hy  this  body.  ItM  original  axis  of  rotation  is  uukmtwu, 
but  it  in  very  improbalile  tltat  it  was  exactly  |H-q>endicular  to 
tlte  jihuie  of  motion  of  S?.  >V  ilintiirlied  the  mtatioa  of  S  in 
^o  waya.  First  it  raised  an  enortuiua  tide  in  S  which  it 
I  aruuud  S  in  the  dintotjoa  of  its  rvrolutiuii.     In  thia 


47i  ijrr^oDrrTTos  to  astk^jo 

'  f  r..  rr.*-;."  ..v.  r..i.*  ">:trc.  :s:c-*i-kz.:  rT.ir  iiiic^.     In  the  atxv-c-i 
:.^^.<,   t    >,;.*:  irrrL'.lrr   '.ZAZzizT  oc   rrie   marerikkl  wLioL  was 

r-jrijtrii  in*!  La«i  it*  5trai;zL.*  line  -i^rbi"  *:cukn2Hi 
••■  ir.  rllicci'ial  •■rbir  wool-i  still  Live  ii:*  ^eri- 
r.rrli on  -LLsCAr.c-e  Ir^sK  ibin  :ce  rtuii:!*  •:•:  .?.  C>n- 
v:.-  :r:r.:l7.  it  woril.i  be  pre*;ipLCAteii  a^aihoq  ihe 
-'::.,  ar.'i  inevitAbiv  in  suoh  s  w;iv  as  to  in- 
r;r-^;t>-=:  tLr  monirrit  of  m<jmen.tiim  of  the  sun 
^-T'  ir.'l  the  siaie  iixis.  This  cause  may  have 
t^rri  rri'  re  trffi'i-i-rnt  in  determining  the  eharac- 
t'^-r  ',«f  the  sun's  rotation  than  the  other. 
Hrri-'T.  since  the  sun"s  present  rotation  is  the 
rr-:;'.tarit  tjf  its  original  mtation  and  these  dls- 
Yi',  ::   -  f     V-:     "■  ^*^^^'^r  factors,  we  should  expect  to  find  its 

•-•j  Mtor  near,  but  not  exactly  in.  the  average 
:'i«u;*r  "f  thf  planetary  orbits. 

lV»tK   of  the   factors  which  have  just  l^een 
;^''     n-.tT'l  wvre  more  important  in  the  equatorial 
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7,nu*i  than  in  any  other.  Consequently  there 
\v;i-»  ;iri  o.-i^'iiial  equatorial  acceleration  which  has  not  yet 
\t**'U  ■'.  »[ii  out  In  frirtiun  on  the  lower  parts.  The  S|)ots 
;ir»:  ill  Ti.o<»f  /onr^  wlir-re  the  relative  motions  of  the  differ- 
^rjt  jriv.  ;-,  ,ivr  x\if'.  ^'reatest,  and  they  are  probably  due  in 
soiii'-   \v;iy  to  tli«-s«f  n.-lative  motions. 

375.  The  Small  Eccentricities  of  the  Planetary  Orbits. — 
'rji»r  <M(«)itririti<*.s  of  the  orbits  of  the  nuclei  were  on  the  aver- 
jii^e  iiii<i()iil>te(lly  ;(realer  than  those  of  the  orbits  of  the  present 
pliiiK'ts.  This  decrease  in  eccentricity  has  been  brought 
aljonl  hv  the  aeeretioii  of  the  scattered  material.  This  suh- 
j<ret  ofTers  .some  (Jinieiillies  and  it  is  not  possible  in  an  elemen- 
tary work  to  ^nv(5  an  exhaustive  treatment  of  it.  However, 
the  ^i.'.iw.rul  onicM*  of  i<leas  will  be  explained,  and  the  argument 
will  be  made  conclusive  in  the  most  important  case. 
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It  fitUom  from  tlw>  miKle  o[  genemtion  iif  tbc  spirnl  thnt 
iU  Mtpanlt-  iNMiivB  were  moving  lu  a  great  varietv  of  orlnU. 
Ctinsiilcr  the  orWu  of  h  nucleus  M,  ntiil  uf  h  dintiU  Imdy 
m  interwctiiig  it  nt  7',  and  P^.  If  a  collisiun  occnnt  at  /*, 
Ui«  boiiy  .If  will  more  in  the  direction  /*i©p  »nt\  if  at  i*,  in 
the  direction  I\Qf.  When  the  coUioion  is  nt  /*,.  the  orbit  of 
M  will  intoniHM  the  nuliitti  more  nearly  at  ntrlil  angles  than 
it  did  before.  Hut  thiit  alone  is  not  suflicivnt  to  make  it 
more  rincular,  for  the  velocity  in  „ 

»  cirrulor  orbit  pacaiug  tlirough 
P,  ij  greater  titan  that  in  the 
ellifiMH  at  that  point.  When 
thu  ctilliuon  u  at  P^  the  orbit 
iotcrMMito  the  radius  nt  a  more 
acat«  angle  than  it  did  Iteforv. 
Itut  this  does  not  m^ceiwirtly 
neon  that  the  orbit  in  mom 
eccentric,  for  the  velocity  in 
tbe  elliiMten  at  this  point  is 
gtvaler  tlian  it  in  in  the  circle 
through  it.  ThU  tnllowit  from 
tba  •quadim  givAn  in  eelmtial 
mMhaoics  for  tbu  aquare  of  the  velocity. 


rta.  ITI.  -  RMlwUfla  o[  Un  b> 
fmlrirHynlilwOrbUotaXMWai 
br  CullUoa^ 


wn  Uw  mata  of  tbo  sun  ia  taken  aa  anity,  and  where  a  ia 
t  auBJor  ■imi-axis  of  tbe  orbit. 

Let  as  eoontter  the  caae  of  a  nucleus  iV  moving  in  a  oer- 

in  uriiit  wboae  semi-axiit  in  a^  and  wluuie  eccentrii^ity  is  f^ 

Sa|>|iOMi  there  in  a  iniall  nuua  m  moving  in  an  ellipM!  whoaa 

aemi-axia  is  alan  Og  and  whose  eccentricity  w  also  «,.     W« 

■h»U  make  no  reatrictiuns  upon  the  way  in  which  the  two 

^B^lpac*   inleraect   each  otiivr.     The  problem  is  to  find  the 

^Hlect  of  the  onion  of  m  attd  Jf  by  c^\\«Aon  \k\Mn.  >Na  va^sen^- 
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tricity  of  the  orbit  of  M.     This  is  the  most  important  case, 
for  every  nucleus  will  move  in  a  region  which  is  rich  in 
material    describing    similar    orbits,    and    the    chances  of 
encounters  are  greatest  when  the  orbits  are  most  similar. 
The  kinetic  energy  of  the  two  bodies  before  their  union  is 

where  V^  and  v  are  the  velocities  of  M  and  m  at  the  instant 
preceding  collision.    Their  kinetic  energy  after  their  union  is 

where  Fis  the  velocity  of  the  united  mass.  Now  after  their 
union  the  kinetic  energy  will  be  less  than  it  was  before,  for  a 
certain  ])art  of  it  will  have  been  transformed  into  heat  by  the 
impact  of  tlie  two  parts.     Hence 

Hence,  at  the  instant  just  following  collision  we  may  write 
as  a  consequence  of  (1), 


Vr      a  J 


-M^'^-XI-l) 


where  a  is  the  semi-axis  of  the  new  orbit.     It  follows  from 

tliese  equations  that 

(2) 
or 

The  r  is  the  same  in  each  term,  for  the  distance  of  both 

bodies  from  the  sun  at  the  instant  preceding  collision  was 

the  same  as  their  common  distance  the  instant  after  coUi- 

sion. 

It  is  sliowii  also  in  ceVestvv\\  \\\^c\v^\\\^"e»\W\»^<^^um  of  the 


M  + 

m     M  + 
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m 
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producU  of  the  muuteH  and  the  iirenl  velocitien  U  a  coiiRtant, 
kthI  tliw  in  tni«  wtietlicr  tlioro  are  coUUioiiK  or  not.  (^Thnse 
•tatcmunt*  nni  subject  to  ttliKlit  itiiKiifitntioiiB  if  the  rotatiun 
of  M  is  dmn^tti].)  It  in  anotliur  slaUiment  of  thu  fact  that 
the  t4Jtal  moment  of  luomptitum  of  the  Hyntem  is  a  constant. 
Tiie  fnnnuU  which  i-xiireKses  the  fact  that  it  was  Uie  rniae 
befun  oolllMon  a*  after  ih 

(8)  JtfVi,Cl  -  V)  +  BiV«„(l  -  V;  =  (Jtf+  «)V«(l-<i»j. 

Since  It  <  o^  it  fuUowB  tlwt 


Tbt»  nsoli.  ia  true  however  the  motions  of  the  bodies  maj 
bave  been  disturbed  by  their  mutual  perturbations  hefore 
tb«r  eoIJision.  Hence  we  have  the  ^nerul  n-itnlt :  (f  nnif 
Cipv  hpJiat  t^kotf  orhili  hart  ihf  namr  mt^ar  ax*»  ami  r«fn- 
trintiaan  WHh}«H  only  to  their  mutual  firrturhationt  ,tn<i  mnilr 
IN  itny  miy  ^jT  •>  iW/tvian.  the  nrHl  of  tkr  iromhinrJ  mum  triU  ht 
Iru  «4vr*i(nV  (Ann  lit  oryifiNo/  ortnii  tren.  Whi-O  the  condi- 
tions of  equality  of  axvB  and  evcentrivitin  are  anywhere 
nearly  fulfilled,  the  same  results  follow  in  a  very  great  ma- 
jority of  cases. 

Tben  are  oawa  in  which  n  oolliiiion  will   incresM  the 

eecentrieiiy  of  the  nucleus,  but  unlvas  Ibe  matli-r  is  dialrili- 

alvd   in  an  extnumlinurily   sin-cial  nianni-r,  tliev  arc  ri'ls- 

tinsly  very  few.     It  follows  ihat  in  jrenenil  th«  more  stray 

matter  n  nucletu  has  sw<>]il  np  tlio  more  nearly  circular  its 

orliit  H-ill  lie.     Now  among  the  planets  tlte  smallest  one  of 

ail.  Mercury,  has  an  firltit  more  than  twice  as  eccentric  as 

l^^wt  iif  any  i>t1it>r:  and  the  next  smallest  pUuiet,  Mars,  has 

^Bm  next  moHt  eccentric  orbit.     The  orbtta  of  the  earth-like 

^■KDota  averaffe  nt»re  than  twice  as  eccentric  u  the  orbiu  of 
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of  the  orbits  of  the  planets,  we  find  that  the  plaoetoids  move 
ill  orbits  whose  average  eccentricity  is  three  times  as  great 
asi  the  average  eccentricity  of  the  orbits  of  all  the  planets. 
About  one  planetoid  out  of  four  has  an  orbit  more  eccentric 
than  that  of  Mercury,  a  fact  quite  inexplicable  under  the 
Lapkcian  theory.  It  is  not  remarkable  in  the  light  of  the 
present  tlieory  that  the  orbits  of  these  small  bodies  are  looped 
through  one  another  in  a  complicated  fashion. 

376.  The  Rotations  of  the  Planets.  —  The  character  of  the 
rotation  of  a  planet  depends  upon  the  direction  and  rate  of 
rotation  of  its  original  nucleus,  and  upon  the  effects  of  the 
colliaons  of  the 
scattered  mate- 
rial with  it. 
There  is  no  ap- 
parent reason 
for  assigning 
any  particular 
direction  of  ro- 
tation to  an  orig- 
inal nucleus,  or 
of  supposing 
that  its  angular 
velocity  was 
large.  C  h  a  m- 
berlin  has  ad- 
vanced and  de- 
T  e  1  o  p  e  d  the 
idea  that  the 
rotations  have 
been  made  for- 
ward by  the  im- 
]iacls.  and  this  question  will  now  be  considered. 

For  Hinijil  icity  the  nucleus  may  be  assumed  to  be  revolving 
around  tliu  sun  in  a  dtc\«,  \j\iou%Vv  vf  this  assumption  wei« 
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not  nwle.  the  difwuiMioa  would  not  Ih-  ewtentially  difTerent. 
Sa)>jiiMv  llin  nuoleiiH  M  revolver  around  the  sun  »o  lut  to  till 
the  Kiaxv  lietweuD  ihv  (.'iirvua  a  iind  6,  und  so  tliul  it«  center 
tnivcU  Along  the  circle  r.  For  this  discussion  the  orbita  of 
th«  lartiol^B  will  be  divided  into  three  classes.  The  tirst 
•:lw«  will  cciniiiitt  of  tlkose  whose  aphelion  pointu  do  not  lie  out- 
ride of  e ;  the  ttecond  olawi  will  oonKint  of  tliotto  whose  peri- 
helion [M>intH  lie  within  r  and  whose  njihclion  jtointu  lie  out- 
sidfl  of  c  ;  the  thini  diMii  will  consist  of  th<i«tf  which  lEo 
eoliruly  otitsidc  of  <■.  They  are  designattid  as  (1),  (2),  and 
(8)  respectively  in  Vig.  175. 

It  follows  from  ec|tuitiun  (1)  of  the  last  article  that  the 
■mall  bodies  describing  orhit«  of  the  first  class  will  always  be 
tnoTing  more  slowly  than  .If  when  the  collision  takes  place. 
('oi>MN)nently  iV  will  overtake  m.  the  oollision  will  be  on  the 
side  of  M  towanl  the  snii,  and  the  tendency  will  be  to  give 
M^/orwird  mtjition. 

The  small  biKiiett  describing  the  orhit«  uf  the  second  clan 
will  be  moving  fastvr  or  slower  than  M,  nccortUng  as  their 
■emi-A3ce*  are  grenler  or  less  than  the  distanoe  from  iV  to  ■?. 
In  either  case  the  collision  niny  tend  to  make  the  rotation 
either  direct  or  retrogmde,  and  in  the  long  run  the  two  tend- 
eociea  will  lusarly  balance.  Ilesides  this,  the  effects  on  the 
rotattoQ  will  be  small  Wcaose  tlie  impacts  will  generally  be 
nearly  in  tlie  line  of  centen  iiutead  of  tangential. 

The  bodies  deiKrIhing  tlie  orluU  of  the  thirtl  class  will 
always  more  faster  than  the  niielens  at  the  time  of  collinon. 
CoaseqOBatly.  since  they  overtake  it  outside  of  the  center  of 
Ifravity  they  tend  to  give  it  a  (/irvef  rotation.  To  summarixe, 
the  two  olssses  of  bodies  which  are  moxt  efficient  in  dunging  - 
the  rotation  of  the  nnoletis  hy  inii»t;t  tnud  to  make  it  Jirttt, 

Kiile   the  efre<-tA  of  a  mni-h   larger   intermediate  class  are 
imfxirtant  lM?<-aiute  they  mutually  destroy  one  another. 
On  ttie  basis  of  this  discussion  it  follows  ttuit  we  should 
pMt  to  6ad  the  pUoete  rotating  W  >!bA  wnw  \vT«o:\.ua.'*& 
I  i 
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they  revolve.  Any  radical  departures  from  this  rule  would 
be  ex{)ected,  if  at  all,  in  the  outermost  planets,  where  the 
orbits  of  the  third  type  have  been  very  few.  These  effects 
on  the  rotation  for  a  given  amount  of  material  have  beeu 
greater  the  larger  the  nucleus,  both  because  of  the  greater 
(liflferences  in  velocity  at  the  instants  of  impact,  and  also 
iiecjiuse  the  effectiveness  of  a  given  force  in  changing  the 
rotation  is  greater  the  farther  it  acts  from  the  axis  of  ro- 
tation. The  general  agreement  of  these  results  with  the 
observed  i)henoniena  is  too  evident  to  require  comment.  On 
the  other  hand,  the  direct  rotations  of  the  planets  have  always 
given  trouble  under  the  Laplacian  hyi>othesis. 

377.  The  Direction  of  Revolution  of  the  Satellites.  —  When 
the  phmetiiry  nuclei  left  the  sun  they  were  attended  by  the 
smaller  secondary  nuclei.  While  in  any  particular  case  the 
secondary  nuclei  may  have  had  some  common  direction  of 
revolution  around  their  primary  nucleus,  there  is  no  apparent 
reason  for  supposing  that  there  was  any  general  direction  of 
revolution.  Consequently,  we  shall  examine  the  various 
(•,as(?s  which  (jould  have  arisen. 

For  the  purposes  of  the  discussion  we  shall  divide  the 
orbits  of  the  secondary  nuclei  into  three  classes  dej)endiug 
upon  the  positions  of  the  planes  of  their  orbits  and  their  di- 
rections of  revolution.  (//)  The  first  class  will  consist  of 
thosci  whose  orbits  were  highly  inclined  to  the  planes  of  mo- 
tion of  their  respective  primary  nuclei ;  (6)  the  second  class, 
of  thos(^  which  revolved  nearly  in  the  planes  of  motions  of 
the  primary  nuclei  and  in  the  forward  direction  ;  (c)  and 
the  third  class,  of  those  which  revolved  nearly  in  the  planes 
of  motion  of  the  primary  nuclei  and  in  the  retrograde  direc- 
tion. 

{(1)    Lt't  us  consider  the  effect  of  the  scattered  material 

upon  the  secoinlary  nuclei  of  the  first  class.     Whenever  one 

of  tln»so    nuclei    passes  through  the  plane  of  motion  of  its 

pvinmry  it   encounters  l\w  ^v.\vA,\,^TVi<3L  Toa^tArial^  which  acts 


KvoLVTioy  or  the  holah  syhtem 

I  ik  like  a  nniating  medium  nnd  decrc4iHeM  iu  velocity. 
kmalt  of  tlic  reoistatice  to  iU  motion  U  a  docreoiio  in  the 
iiaC-iti  orbit.  In  addition  to  tbia.  the  niaaa  of  t)i«  primary 
I  ooniiniially  increase))  by  the  Kcvn-lion  uf  ni(^ti?oriL* 
nMtt«r,  otid  tliis  al«o  decreaxuK  tlio  aizv  of  tbu  orbit  of  Uii; 
secmndan'  nnclLnis.  Thi;flo  two  L-aufica  always  operating  in 
Uie  aaine  direetioa  would  in  time  precipitate  the  wcondary 
nucIt'UH  u|>on  itii  primary.  Of  oourHC,  lh«  fartlier  it  watt 
oriiritially  from  il«  primary,  tlie  liett«r  wa<*  it«  chance  of  main- 
taining it«  separate  exiatonce. 

(A )   Consider  a  tmtellitv  nucleiu  bavin);  u  dirw-t  revolution 
in  the  plane  of  motion  of  ita   primary.     The  small  patiiulea 


which  it  may  encounter  will  \te  divided  into  thrve  olaaaea: 
(I)  thiMW  whuH«  firUta  an>  entirely  within  the  orbit  of  tbi' 
plaoviary  nudcus  J/;  (2)  ihiNw  wbtwu  ut\nXa  vt'.vM. >\t&  v.-f^«x 
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of  M;  and  (3)  those  whose  orbits  are  entirely  ontside  of 
the  orbit  of  M.  In  Fig.  176  the  full  circle  represents  the 
orbit  of  the  planetary  nucleus  3/,  the  dotted  circles  the  limits 
of  the  orbit  of  the  satellite  nucleus  as  it  revolves  around  if, 
and  (1)  and  (3)  the  orbits  of  particles  of  the  first  and  third 
class  respectively.  The  orbits  of  particles  which  lie  between 
these  two  are  not  shown. 

The  particles  of  class  (1)  will  encounter  the  satellite 
nucleus  at  (or  near)  A.  The  problem  is  to  find  which  will 
be  moving  the  faster  at  this  point.  The  satellite  nucleus  is 
carried  forward  by  the  motion  of  M^  while  it  moves  back- 
ward in  its  revolution  around  M.  The  latter  is  a  much 
slower  motion  than  the  former.  The  velocity  forward  is 
the  (li (Terence  of  the  two  velocities.  Since  the  major  semi- 
axis  of  m  is  less  than  that  of  M^  it  follows  from  equation  (1), 
Art.  875,  that  it  moves  more  slowly  than  M  does.  If  its 
maj<jr  axis  is  considerably  less  than  that  of  M,  it  will  move 
more  slowly  than  the  diflference  in  the  motion  of  .Sf  and  the 
satellite  nucleus.  In  this  case  the  satellite  nucleus  will 
overtaken  w.  Hut  it  follows  from  the  direction  of  motion 
of  the  satellite  nucleus  that  in  this  case  its  motion  around 
M  will  be  accelerated  by  its  collision  with  m.  It  is  found 
by  a  nuitlicmatical  discussion  that  this  always  results  if  the 
eccentricity  of  the  orbit  of  m  is  greater  than 


li         ^    r 


where  /?  is  the  radius  of  the  orbit  of  the  planetary  nucleus 
around  the  sun,  r  the  radius  of  the  satellite  nucleus  around 
3/,  and  M  the  mass  of  the  planetary  nucleus  expressed  in 
terms  of  the  sun's  mass.  In  the  case  of  the  earth  and  moon 
the  limit  comes  out  0.035,  but  in  the  case  of  the  larger 
pliijwts  and  closer  sv\UA\\\fc^  \%  \^  \ery  much  larger.     How- 
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ever.  wh«n  llmcijlIiMorw  were  most  numerous,  the  planBtary 
iiiiciri,  M.  liBil  not  yul  ({''""'U  to  their  [ireapnt  siw.  Sioc« 
eIk-  (irhitu  of  the  sculti'rttd  mntorJAl  must  have  been  AH  n  rale 
<ii%i(lerBbly  eccentrii:,  it  follows  lliul  the  cuUimona  oti  the 
V  liolu  avn^leratod  the  Btttellit«)  nuclei. 

Thf  formuU  und  result*  are  the  aame  for  thu  particles 
moving  in  the  orbiu  of  the  ty|>e  (U)-  The  result*)  are  varied 
Ml  tho  case  of  itarticlott  nioviiif{  iti  the  orbits  C2),  which  »ra 
iuteroiedittte  betwtwn  the  two  olnwtvM  conaideretl. 

The  effect  of  tho  acculerationit  br  thr  ttcaillered  muterial  i» 
to  enlurt^  the  orbit  of  the  satellite  nucleus,  and  to  prevent  it« 
>ifin(f  drawn  down  upon  the  growing  planetary  nucleus.  For 
■h\n  n»UNin  the  Kati'llite  nuclei  of  this  ty|>e  are  likely  to  retain 
I'a'ir  i«L-jinnit«'esi»tence  and  to  develop  into  fuittdlites. 

(ti  The  satellite  nuelfi  having  rvtrogmde  revolntiuiia  arc 
acttnl  upon  in  the  opposite  way  from  those  having  din-ct 
revidulions.  Therefore  their  orbits  will  continually  shrink 
both  becaiiM  of  (.tillisions  with  the  xenttered  material,  and 
abo  b«causo  of  the  increasing  nllmction  of  Af  lu  ita  mKM 
grows.  These  satellites  will  for  these  n.-Asoiis  in  general  b« 
precipitated  apoa  their  respective  primaries.  Couditiona 
will  be  favorable  for  their  survival  only  if  the  scattered  mate- 
rial is  dislribnltMl  in  a  very  xpf^ml  way.  or  if  they  are  started 
at  a  very  gr«at  dixtonev  from  tlit-ir  primnriMi. 

It  fi>IlowH  from  the«t<  discussions  that  satellites  may  revolve 

around  their  primaries  in  any  direction,  but  that  tlte  ehaneea 

iif  surviving  as  indejieDdeut  iHHlies  are  against  those  satellite 

_  BoelKi  which  do  not  revolve  in  the  forward  direetion.     The 

f  planet  may  huvft  Hniflliti-H  moving  in  both  direotions. 

371.  The  Eccentricities  of  the  Satellite  OrUts.  —  In  general, 

'  B  orbits  of  thtt  miellite  nuclei  were  nriginallv  quite  rcceo- 

It  will  now  be  shown  that  the  orbits  of  thom  having 

KTt  ntvolation  arv  rendered  leas  eccentric  by  tho  inpaot  of 

B  pUnetesimal  material. 

t  5  be  tt»e  sun  and  C  the  curxe  m  -kVvcV  vV»  ^J»x.«5v»«^ 
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nucleus  revolves  around  it  (Fig.  177).  Let  JPj  be  the 
position  of  the  planetary  nucleus  when  tlie  satellite  orbit 
has  its  farthest  apse  outside  of  (7,  and  P^  its  position 
when  tliis  condition  is  reversed.  If  the  orbit  were  filled 
with  a  body  rotating  as  a  solid  around  Pj,  the  infall  of 
meteors  would  tend  to  increase  the  rotation  in  the  same 
direction  as  was  shown  in  Art.  376.  Similarly,  the  effect 
on  the  satellite  nucleus  is  to  accelerate  its  motion,  and  this 
effect  is  tlie  greatest  when  the  nucleus  is  farthest  from  P^ 

The  effect  of  an  acceleration  of  a  body  when  it  is  at  the 
farthest  point  of  its  orbit  is  to  increase  the  distance  of  the 
nearest  point  and  to  make  the  orbit  more  circular.  Thus, 
in  Fig.  178,  if  the  body  were  originally  moving  in  the  closed 
orbit,  and  were  accelerated  when  at  «,  the  distance  of  «'  from 
P  would  be  increased  and  the  orbit  would  be  less  eccentric. 
The  same  remarks  apply  when  P  has  moved  half-way  around 
its  orbit  and  conditions  are  as  represented  at  P^  (Fig.  177). 

That  is,  the  impacts  of 
scattered  material  upon 
satellite  nuclei  having  a 
forward  revolution  in- 
crease their  velocities, 
but  most  when  they  are 
most  remote  from  their 
respective  primaries ;  the 
results  of  the  accelera- 
t%o)is  are  that  these  satel- 
lite orbits  are  enlarged 
and  made  less  eccentric. 
It  is  to  be  noted  that 
the  results  are  the  op- 
posite in  the  case  of  sat- 
ellite nucl(»i  having  retrograde  revolutions. 

In  the  actual  svsteni  the  satellite  orbits  are  found  on  the 
whole  to  be  very  neviv\y  to\x\\*\.    Vk^  I'cw'c  live  most  eccentric 


Fif>.  177. 


nrbit  ciF  these  luteUite*  whose  iiiotiuu  is  (linx'l  U  that  of 
Ilyi^riiMi.  whid)  is  very  grcutly  perturbed  by  the  Urjfo 
iii'i^hl>oriii(f  iuitiiUil«  Titnii.  Tho  cccunirioity  of  tlie  orbit 
of  Hyperion  is  0.12.  Ittit  lhi>  ninth  Katvllite  of  Saturn,  whioli 
reTolroa  in  tlie  rvtrof;nulo  itiriH-tion.  Iiaa  an  orbit  wltotte 
eccentricity  is  0.:!2.  The  high  incliiiatiomi  of  the  orbit  of 
the  MtcUit«a  of  I'mnnn  to  thi>  orbit  of  ttiin  planet  would  not 
iare  b«en  nnticipatttt  on  the  baois  of  this  theory;  still  thoy 
are  not  deflnitely  contradictory  to  it  as  th«y  are  to  the  La- 
placiui  theory. 

3T9.  The  Inner  Satellite  of  Hsn  and  Satnm'a  Rjaga.  — 
Th«  iunvr  (uttullitc  of  .Marsi  wiw  .iri^inally  n  »uitttl  nui-Ieus 
ctn^niating  very 
near  iIm?  nucleus 
of  Man.  1 1  s 
periml  was  longer 
than  it  is  at  pre*- 
ent,  and  it  stead- 
ily dec  r  e  a  se  d 
with  the  increase 
of  the  mass  of 
tba  planet.  I'he 
planet  never  ex- 
tendiMl  aa  a  eon* 
tin  nous  bmly  out 

l^vren  to  tlie  orbit 
this   satellite. 

lobos  is  ouiaide  ^"-  "* 

t  Roche's  limit,  and  there  is  no  dilTicully  i 
I  revolution. 

'  The    rings  of    Saturn   have    ilevelofwHl    nut   of    niat4.-riat 

riginally  revolving  ehiee  to  the  nucleus  of  the  pUtiet.    TItey 

■re  inside  nf  KtH-he's  limit,  and  the  disrupting  tendencies  of 

the  lidnlsiruiuliaveatore  than  liulaiieed  the  coUeeling  tend- 

^aeir*  of  the  mutual  gruvitatinii  uf  tUvu  yuAUtL.     V v.'^\'k^'~>v\3!,. 


1  its  short  j)eriod 
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have  pulverized  the  material  and  have  destroyed  the  diver- 
gences of  motion  until  all  the  particles  move  nearly  in  tbe 
same  plane. 

380.  The  Moment  of  Homentmn  of  the  System.  —  Tie 
moment  of  momentum  of  the  sj'stem  is  nearly  all  possessed 
by  the  planets,  Jupiter  having  over  95  per  cent  of  that  which 
is  witliin  Saturn'^  orhit.  This  condition  of  affairs  is  pre- 
cisely that  which  the  postulated  origin  of  the  spiral  nebula 
would  lead  to,  and  it  is  entirely  in  agreement  with  the  theory 
which  has  been  outlined.  The  total  moment  of  momentuiu 
of  the  system  is  the  measure  of  the  disturbances  produced 
by  the  sun  S'. 

381.  The  Zodiacal  Light.  —  The  zodiacal  light  is  probably 
the  light  reflected  from  the  vast  number  of  particles  moving 
in  orbits  so  nearly  parallel  to  that  of  the  earth  that  thev 
have  been  swept  up  very  slowly.  Many  of  them  are  the 
remains  of  the  original  material  scattered  by  S\  though 
some  of  them  are  the  remains  of  disintegrated  comets.  T!ie 
large  meteorites  which  fall  upon  the  eartb,  often  containing 
large  quaiitibieH  of  occluded  gases,  are  probably  part  of  the 
material  ejected  from  the  sun,  though  some  of  them  give 
very  strong  evidence  of  having  been  once  parts  of  a  large 
solid  body.  They  may  Lave  come  from  planets  which 
existed  before  the  iidvent  of  S',  and  which  were  brokeD  up 
and  destroyed  by  this  body. 

382.  The  Evolution  of  the  Planets.  —  The  evolutions  of  the 
small  and  large  i>lanetary  nuclei  have  been  quite  different. 
They  were  all  very  hot  at  the  time  of  their  ejection.  The 
small  nuclei  did  not  have  sufficient  gravitative  contml  to 
retain  their  lighter  gases.  In  a  comparatively  short  time 
they  had  no  appreciable  atmospheres,  and  they  speedily 
cooled  until  the)  became  solid.  Tlie  meteoric  matt«r  which 
fell  in  upon  them  was  also  in  a  solid  state.  The  relative  , 
velocuty  was  in  general  so  small  that  no  great  amount  of  heat 

Federated  by  Ihe  ira^ct, a.nd  »lmt  was  produced  s|>eed- 
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mdiated  nway.  After  the  manses  Iw^n  to  HMiinnc 
diuioniiioDH  the  interior  pretuturt^  (>ecanie  very 
1  they  diminUhed  in  volunie.  ThU  Khrinkin];  pro- 
1  nUtriar  ht'ftt  ju8t  ait  it  does  in  the  c»m  ul  thu  sun. 
Compuuiiun  Khuwit  llinl  if  the  L«rth  shrank  su  lliitt  its 
deiuitjr  increiutNl  from  the  nvorug«  ilcnaity  uf  known  ineteor- 
tte»  (3.5)  to  it»  iiresont  doiisity  (.5.5).  enough  heat  would 
be  ^nenited  to  increase  ittt  tein|>eriiture  (nAitiimtng  n  Hiieoilic 
h«mt  of  U.2,  which  is  atmut  that  of  rock)  nion>  than  lU.tiiK)' 
Fahrenheit.  Tliis  hwit  wouhl  lie  oonduottnl  tn  the  surface 
Kud  liwt  very  slowly,  and  it  ia  much  mure  than  Hutticient  to 
account  for  all  the  known  if^cous  action  in  tin*  cnse  of  the 
«ulb.  but  the  t-arth  aa  a  wbolo  lias  been  solid  throughout 
its  history. 

TIm  earth  acquired  its  atmosphere  chiefly  after  it  Iiecaroe 
alwut  as  iarf^  aa  Mercury.  The  atniOMpheriir  ffaafjt  came 
from  the  interior,  iiqueeze«l.  n»  it  wiTe.  out  nf  the  heated  and 
caiuprnmiHl  materinl.  Bodies  much  smaller  than  Merrnry 
hare  never  rt>liiineil  any  n>al  atmospheres.  Thin  applies  to 
most  of  the  fialeUites  and  to  all  of  the  planetuidH. 

()n  the  other  hand,  the  large  pUnetary  nuclei  were  so 
maasive  that  they  never  lost  their  light  gaseous  envelopes. 
Rccaufte  of  this  their  imginal  h<>at  was  largidy  retained,  and 
they  have  not  yet  ('ontraeled  to  any  great  extent.  They  are 
leas  dense  than  the  sinaller  planets  Uilh  U>cau»e  they 
retained  oearly  all  of  the  original  light  eli-ment:<,  and  alMo 
becattse  the  conditions  have  been  unfavorable  to  tlieir  cooling 
and  contracting. 

3S3.  The  Ace  of  the  Solar  Srttem.  —  No  certain  answer 
can  be  given  to  the  <|Ufi«tion  of  the  length  of  time  that  has 
been  tvi|iiire<]  fur  iIun  cvutulinti  t>f  our  laystem  t<i  take  place. 

It  is  cenainly  very  grv«il.  The  gnralest  dillienlty  is  in 
eeuunting  for  the  apfmrenlly  undiminisheil  vigtir  of  IIm 
nn.  If  it  was  In  its  maturity  at  the  time  of  the  visiution 
t  Jf,  appatvutly  it  oujjht  lo  Ui  \m  '\\\  \\»  A.vOiwv«.  ««»■« .    'Vu» 
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only  expUnatioQ  available,  and  the  one  which  had  to  be 
evened  wUo  in  the  Lsplacian  theory,  is  that  probahly  tlie 
contraction  theor}'  of  the  suq*b  beat  accounu  for  only  a 
small  jiart  of  ttie  energy  which  becomes  available  in  this 
form  (see  ArU.  318  and  319). 

384.  The  Future  of  the  System.  —  That  part  of  the  evolu- 
tion of  the  system  in  which  the  scattered  nutenals  were 
gathered  into  the  various  nuclei  seems  to  be  sensibly  com- 
pleted. The  future  wilt  probably  be  very  much  like  the 
present  until  the  sun's  store  of  energy  becomes  reduced  to 
such  an  extent  that  its  radiation  appreciably  diminishes. 
Then  an  age  of  increasing  frigidity  will  come  on,  and.  so  far 
aa  we  can  see,  will  last  indetinitely  unless  some  influence 
exterior  to  the  system  becomes  operative. 

One  event  seems  probable.  Unless  the  motions  of  the 
stars  are  ordered  in  some  special  way  so  that  these  bodies 
never  approach  one  another  closely,  a  condition  which  now  is 
not  even  suspected,  our  sun  at  some  remote  epoch  will  pass 
near  some  other  sun.  If  this  second  sun  is  in  its  youth  a 
,new  spiral  nebula  will  he  formed,  probably  Involving  at  least 
a  part  of  the  matter  now  making  up  the  remote  planets  of 
our  system.  In  this  manner  the  conditions  for  a  new  evolu- 
tion may  be  developed.  If  the  two  suns  are  both  dark, 
they  still  may  be  more  or  less  broken  up  and  heated  by  the 
work  of  the  body  tides. 

Formerly  the  sidereal  evolution  was  supposed  to  be  almost 
entirely  a  process  of  aggregation,  and  astronomers  pictured 
to  themselves  how  sun  will  add  to  sun  by  collision  nntil  the 
material  universe  will  end  in  one  or  a  few  immense  suns 
which  will  eventually  become  c(dd  and  lifeless.  But  the 
chances  of  near  approach  without  collision  are  enormously 
greater  than  those  of  actual  collision.  A  near  approach 
produces  a  breaking  up  of  suna  and  the  scattering  of  material 
insteatl  of  a  greater  aggregation  of  it.  Now  we  recognixe 
the  chances  for  diapetswa  -.va  ■we\v^»aX.'oftV«»i  favorable  one* 


^t         insteml 
^ft     the  cha 

■■M 


svou'Ttoy  or  Tits  solah  srsTKM 

f.ir  nmceatratioi).     In  aildition,  we  an  junt  nnw  HniliiiK  in 

<iini^U(>ii  wiUi  mdio-nctivu  siibstMnvdM  tlint  some  nttnnit  it 

..  jAt   iMinliiiN  wUliiu  UieniHelveH  fun-ea  which  Ipad  to  thoir 

dita»»liilii>ii. 

B  385-    Sonuiuify.  —  Th«  fint  wonl  Rhould  bo  ttne  of  warn- 

W^tg  that  the  thuory  wliiuli  ha-t  been  Hket^hnl  briefly  idiould 

^I0(    be   occeptml   as   finiil.     Tht^re   are  iniuiy  i>uiiita  wbera 

quantitative  reaultA  must  bv  obtaini^   aiid  compared   with 

our  actual  nyittem.     There  mny  be  many  niodilications  of  it 

potaible  and  nv<H'M«ary.     For  example,  the  f^neais  of  apiral 

Dvbulaa  may  Im;  different  fnim  that  ]Hwtii1ated  above. 

Tbo  hypothesis  u(  an  original  spiral  nebula  in  nuggf»tcd 
by  recent  phntii^raphH  of  nebulaH  an  well  h«  by  the  i>y8tum 
it«nlf.  The  ronilitionH  tthich  an*  siippoM-d  to  have  ffi^'ea 
rixe  to  the  apiral  nebula  sevni  most  reaaoiiahle  in  view  of  the 
motioaa  of  the  stars.  The  development  of  a  spiral  nebula 
by  tbe  near  approach  of  two  sunH  seems  to  be  a  iieeeitaary 
cotiaequence,  though  this  point  needs  further  elalMiration. 
The  fleTelripineni  of  some  atieh  a  nj-steiii  as  ours  fmm  a  itinall 
spiral  ru^bula  of  the  tyjw  eonsidered  w-eina  to  Ite  Inevitable. 
So  far  a»  the  iletMilH  have  been  workeil  out  notliin^;  direetly 
cootrailictory  tii  the  theury,  i>r  even  seriously  questioning  >t> 
haa  been  found,  while  it  explains  admirably  all  Oie  main 
fntturos  of  the  BVBtoni.  It  can  lie  safely  said  that,  at  prea* 
ent.  tbia  hypothesis  aatUfieM  all  the  requirenienta  of  a  i 
cevflll  tlwory  much  h-tter  than  any  previous  one. 


thn  (nnilamnntal  lUffrrmDcti  In  ilw  dyaainlcs  at  thi  L^ 

ui(l  »f  the  Kiiintl  nrliulk. 

antf allT  <■  hjr  tbi>  frrsU^  mitbonrts  of  malarial  from  tba 

ill  I'  dir«-ll]r  inworrf  and  /ram  the  tlbtarUnc  ■«»- 

ibeinmni  iaiai|4nlD«bnla«byaBMU'appm«ebT 

imi  (iMnrlnit  tbs  illMiriilttg  acnatorattoii  lor  tamt 

imtiiiun*  of  P  (Art.  WT).  — 
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5.  What  facts  of  the  system  are  more  satisfactorily  explained  under 
the  Laplacian  hypothesis  than  they  are  under  the  spiral  nebula  hypothesis? 
(Make  a  complete  examination.) 

0.  What  facts  are  more  satisfactorily  explained  under  the  spiral 
nebula  hypothesis  than  they  are  under  the  Laplacian  hypothesis? 

7.  Draw  a  figure  to  represent  a  case  where  a  collision  will  increase 
the  eccentricity  of  the  orbit  of  a  nucleus. 

8.  What  explanation  can  be  suggested  for  the  equatorial  accelerations  of 
Jupiter  and  Saturn  ? 

9.  Why  should  we  expect  that  the  large  planets  would  rotate  more  rapidly 
than  the  small  planets  ? 

10.    Why  should  we  expect  the  planetoid  orbitfi  to  be  on  the  average  more 
eccentric  than  the  planetary  orbits  ? 


n 


ClIAI'TnU   XVI 


THE  STARS   AND  XKBfLAS 


M6.  Problems  of  the  Stars  «nd  Nebulas.  —  The  proUenu 
relating  U>  iho  xtnra  are  lltfir  nuiuWrs  ami  inAgiiitiideK,  thuir 
a|i[iiirT>nt  liiHtribulion,  llieir  pro|M*r  tniitioiiK.  tliuir  (grouping 
iDt«>  Kf  st«mK,  ihcir  (liiitnncus  line)  ncttiik]  itiotiuiitt,  tliuir  H]toctra 
and  cotistUutiun.  iinil  tbcir  cvuliitiuti.  Tlic  jirobk^ms  u(  the 
ni-bulaa  are  thttir  dimenHiuns,  clmrac-tcr,  uvolution,  ami  their 
relntinns  to  the  atara. 

387.  The  Homber  of  Stars  of  Various  Magnitudes.  —  The 
miuriiituilK  of  a,  Hlnr  wax  ilntlrit'il  in  tbe  cbiipttir  <ni  <'oiiittt^Ila> 
ti'in".  A  nrHt-Illl^;nit1lllf  ittnr  gWvnt  lis  lut  miicb  rwllant 
rn«-ivy  Mt  tbtt  nvora^ii  of  tbc  20  brigbt^-xt  stars  in  tbo  sky. 
Tlio  li^bt  roc«iv(Ml  from  a  flrst-niMfniitado  star  is  2.51  •■■ 
(im«  that  rvccivoil  from  a  second -maguituilc  star,  and  soon. 
The  ratio  of  a  firBt-magiiitnde  stiir  to  a  sixth  is  100  to  I.  and 
a  MXth  to  an  eleventh  it  100  to  1,  and  to  on  for  every  five 
mapiitudca.  The  ratio  of  a  fir»t-maf;n>*"<'*  *^^  *"  *  *><* 
taenlh-magnitude  star,  which  is  nearly  as  faint  as  csui  be  aeen 
~  ~   I  oar  beat  instrumentx,  vt  1,000.000  to  1. 

I  The  mafpiitudfta  nf  the  sUrs  deiiend  lioth  upon  their  li^ht- 
rinj;  fmwpr  and  aUn  upon  their  distances  from  as.  Evi- 
mtlr  ihv  amount  of  li^ht  roraiTett  from  a  star  ia  Hireetly 
n|Mirtii>nal  to  the  amounl  it  radiates,  and  varius  inversely 
I  the  w)uare  of  ita  di>ttai)r«  tn*m  ua.  There  is  another 
■  which  is  ;>rvlMlbI/  I»t  enliwl^  ivc^%v\Xt>wA>ia*."'»> 
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tliat  the  interatellar  regions  aiay  not  be  absolutely  trans- 
parent. If  tbe  ether  does  not  transmit  light  waves  perfectly, 
or  if  there  is  scattered  meteoric  or  other  material  which  ab- 
sorbs light,  the  stars  are  fnititer  than  tliey  would  otherwise 
be,  and  the  loss  of  light  is  greater  the  farther  they  are  away. 

One  method  of  measuring  the  magnitude  of  a  star  is  to 
out  off  its  light  by  a  wedge  of  neutral  tinted  glass  until  its 
apparent  brightness  equals  that  of  an  artificitil  star.  The 
eye  decides  when  the  two  stars  have  the  same  brightness. 
But  suppose  they  are  of  different  colors  and  that  the  eye  is 
unequally  sensitive  to  the  two  colors.  Then  the  one  which 
has  the  color  to  which  the  eye  is  the  more  sensitive  will  be 
actually  fainter  than  the  other  when  the  eye  decides  they  are 
equally  bright.  Since  the  eye  is  most  sensitive  to  yellow 
light,  the  yellow  stars  will  come  out  relatively  too  bright  as 
compared  with  the  blue  stars.  But  the  magnitudes  of  stars 
are  also  determined  by  comparing  the  dimensions  of  their 
images  when  they  aie  photographed.  Since  ordinary  photo- 
graphic plates  are  very  much  more  sensitive  to  light  iu  the 
blue  end  of  the  spectrum  than  they  are  to  light  in  the  other 
end,  the  blue  stai*  will  come  out  relatively  too  bright  by  this 
method.  Hence  it  is  apparent  that  this  problem  is  to  some 
extent  involved  in  the  color  of  the  stars. 

E,  C.  Pickering  is  carrying  out  a  survey  of  the  whole 
heavens  at  Harvard  and  at  a  sub-station  in  Peru,  for  the 
purpose  of  determining  as  accurately  as  possible  the  magni- 
tudes of  all  the  brighter  stars.  Midler  and  Kempf,  at  Pots- 
dam, are  carrying  out  a  similar  undertaking  for  the  northern 
sky,  though  with  instruments  of  a  different  tyjie. 

It  has  been  found  that,  down  to  stars  of  the  ninth  magni- 
tude, the  number  of  stars  of  any  magnitude  is  from  3  to  3.75 
times  aa  great  as  the  number  of  stars  in  the  next  m^nttude 
brighter  (Art.  38).  Sfnce  a  star  of  any  magnitude  sends  us 
2.5  ■  -  ■  times  as  much  light  as  one  of  a  magnitude  fainter,  it 
follows  that  the  stars  ol  eatV  &Mfti;aftK\»?,'Kw*^tt\tude,  down  tg 


tho  nintli.  nend  u«  roore  light  than  do  thosr  of  tho  next 
brif^ltier  inti);tiiludc.  Newoomb  liait  cnin)iitted  that  lh«  starn 
of  tbefin*t  trtiiiia^iittidfHHtfrid  ub7>'j  limtwatinmcli  light  an  we 
gut  fniRi  thoMturs  of  thvlirol  nmgiiitiide.  Now  if  thin  ratio  of 
incrMuw.  or  Mty  mlio  gri'iut^T  than  or  eijiial  to  unity,  were  in- 
dvdnitclj  kept  up,  thi-  whole  amouiit  of  light  receiviil  from 
ihi-  stars  wouiti  bv  an  inrinitc  number  of  timett  tltat  receivetl 
from  the  firat-magnitmlo  atani.  Thiit  in,  it  tho  stars  were 
acatten.'d  at  mntlom.  thd  whole  sky  would  l>e  as  bright  as  the 
average  star,  or  soinething  like  the  sun.  The  sky  is  (jnile 
dark,  all  the  stani  together  giving  uei  only  al>ouI  ^  ns  much 
light  as  the  full  moon,  and  consequently  there  must  tw  a  very 
great  falling  off  in  the  ratios  of  the  numbers  of  stars  below 
the  ninth  oiagnitude.  Precise,  or  even  approximate,  num- 
bers c«n  not  bo  given  beyond  the  tenth  magnitude,  but  it 
is  certain  that  the  ratio  decreases  very  rapidly  below  the 
twelfth,  and  it  is  probable  that  in  tho  lirst  Itl  or  17  magni- 
tudes there  are  only  about  100,000.000  stars.  If  the  ratio 
which  prevails  down  to  the  ninth  magnitude  were  maintained, 
there  would  Nt  mon>  thun  li-ii  time)'  this  num^H-r. 

3S8.    Apparent  Distrfbtttlon   of  the  Stars.— The  brighter 

■tars  are  quite  irregularly  distributetl  over  Ihe  sky;  but  a 

careful  eiamination  of  them  shows  that  they  are  considerably 

noni  nomcrous  near  the  Milky    Way  tlian  elsewhere.     The 

[jpondenntiiin  is  even  more  ranrked  when  those  faint  stars  arv 

lotudefl  whose  combined  light  produces  this  haiy  band  of 

iit  entirely  around  the  sky. 
I  Preciw  numlwrs  are  not  known  for  stant  l>eIow  the  ninth 

jnitude,  and  the  list  ut  not  nmiplcle  thus  fur  for  the  sUrs 

round  the  south   pole.     Hut   the  Galaxy  runs  diugonally 

•oroM  the  sky.  and  a  very  satisfactory  i^lea  of  the  distribution 

of  Uie  stars  with  resi>ect  to  it  can  bo  obtained,  even  if  thow 

in  »  particular  declination  are  not  included.     Seeliger  has 

ide  tho  count  from   (he    catalogues   of   Argelander   and 
nfeld  of  all  stars  down  to  ll\e  t\\nxU  mft^W-W^n  ^muO\>.  ^ 
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declination  —  24°.  He  has  divided  the  sky  into  9  zones,  each 
one  20°  wide.  Number  I  has  its  center  in  the  center  of  the 
Milky  Way.  Then  4- II  is  20°  wide  lying  along  the  north 
side  of  zone  I,  and  —II  is  of  the  same  width  and  lies  along 
the  south  side  of  zone  I.  Similarly  +III  and  —III  are 
zones  20°  wide  lying  adjacent  to  +11  and  —II  respectively. 
Zones  +V  and  —V  are  around  the  north  and  soath  poles  of 
the  (jalaxy  respectively.  Celoria  has  counted  about  200,000 
stars  between  tlie  equator  and  +  6°  declination.  Many  of  his 
stars  are  much  fainter  than  those  used  by  Seeliger,  but  they 
have  the  disadvantage  of  having  been  taken  from  a  veiy 
liuiited  region  of  the  sky.  However,  they  show  a  very  marked 
condensation  to\vard  the  Galaxy.  The  results  are  g^ven  in 
the  following  table  :  — 


Zonk 

I 

No.  OF  Squark  Dk- 
(iUKKs  IN  Count 

Si'elijj:t*r      (Vloria 
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No.  OF  Stars  countbd 

BY 
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25,618 
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(    4  IV 
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10,185 

27»352 

3.2 

S} 

i      IV 

i7in 

:{14 

(),:J75 

22,264 

8.6 

\    •■  V 

l:i!H» 

0 

4,277 

0 

8.1 

=} 

(    y 

his 

0 

1,044 

0 

8.5 

Two  thin<X'S  follow  from  this  table.     One  is  that  the  stars 

;»iv  nmcli  more  unnierous  in  the  region  of  the  Milky  Way 

tlmii  tlu'V  arc  els(\\vlion\     The  other  is  that  the  change  is  on 

///I*  :i  viMJii^c  gradual  from  the  Milky  Way  to  its  poles.     When 

fnintcv  stars  are  used  l\\fe  v\\^\)v\\\\^  \tv  wxso&sfeT^  va  the  two 
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re^oiu  u  Htill  more  marked.  The  counui  made  b^  the  Her- 
M'li<'l»  ill  ittiiiiy  [mrtt  of  the  sky  flhowcil  th»t  the  Hlan 
n-Tfalrd    liy   thrir    ti-Uwcwjii*»   ure    iii-iirly    20  limvH   muni 


■BKrmu  ill  ihv  Milky  W»y  Uiui  they  rto  90*  fn>tn  (U     At 
tbe  pules  of  ilitf  UiUc/  W*;,  C«\uT\a  nv  <K\^Xw^x^&  wdm^ni^w- 
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scope  nearly  as  many  stars  as  the  Ilerscliels  did  with  tlieir 
large  ones,  sliowiiig  that  in  these  regiuiis  the  ratio  in  Dam- 
bera  for  the  faint  stars  very  rapidly  decreases.  But  in  the 
Galaxy  itself  Celoria  found  only  one-fourteenth  as  many  as 
the  Herschels  had  observed. 

389.  Proper  Motions  of  the  Stars.  —  The  drift  of  a  star 
with  respect  tu  a  fixud  system  of  reference  lines  is  called 
its  proper  motion.  It  is  expressed  in  angular  measure  aoH 
depends  upon  the  component  of  velocity  of  the  star  perpen- 
dicular to  tho  line  joining  it  with  ns,  and  upon  its  distance 
fn>m  us.  Other  things  being  equal,  the  more  distant  tlie 
star  the  less  its  proper  motion. 

Most  of  tlie  bright  stars  have  proper  motions  which  are 
sensible  in  the  course  of  a  few  years  with  our  modern  iii- 
strumenta  of  precision ;  yet  they  are  so  small  that  the  stant 
are  really  quite  '"fixed."  The  largest  proi>er  motion  known 
is  that  of  an  eighth-magnitude  star  in  the  southern  slcy  which 
drifts  8.7"  annually.  At  this  rate  it  will  take  more  than  tJODO 
yeai's  for  it  to  move  as  far  as  the  apparent  distance  betweeu 
the  pointers  of  the  Big  Dipper.  Perhaps  an  even  better 
idea  of  the  slowness  of  this  motion  is  given  by  the  fact  that 
the  proper  motion  of  this  star  amounts  in  2o  years  only  to  the 
apparent  distance  between  the  components  of  Epsilon  Lyra- 
The  great  majority  of  the  stars,  even  of  those  brighter  tlisn 
the  ninth  magnitude,  move  so  slowly  that  their  proper  | 
motions  are  given  in  seconds  of  arc  per  century. 

Tiie  study  of  the  proper  motions  of  the  stars  has  shown 
one  very  interesting  fact,  Kapteyn  has  examined  the  star* 
observed  by  Bradley,  anil  he  finds  that  those  whose  proper  mo- 
tions per  century  are  5"  or  more  are  very  uniformly  scattered 
over  the  sky,  while  those  whose  proper  motions  are  less  than 
this  amount  clusterin  the  region  of  the  Milky  Way.  Neweomb 
has  examined  the  more  extensive  lists  observed  by  Boss  and 
Auwers,  and  he  iias  found  that  those  stars  whose  proper 
niotionfl  are  aa  great  »»  \tt"  i^t  wtam-j  *,1\qw  no  teuduDcy 
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whatvt-rr  toward  n  roDiltMisation  ill  tlw  rpgioii  tif  the  Milky" 
W'uY.  Whili!  the  hrigUter  atan  have  nii  the  averngo  larger 
[tnijwr  itiiitioiiR  than  the  fiiiiit  oii<^  lUin  are  Kturs  of  all 
mnfrnituiliM  luiviu^  proper  motiniiH  greater  than  5"  pur 
century.  Htiiice  if  all  those  atars  which  have  no  rteruiblo 
prD)N-r  motions  were  dontroyed.  the  sky  woulti  bo  atrown 
nearly  uiiifornily  with  stars  of  nil  niagnilinlrs.     Thrsi>  are 
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V  importAnt  faot«,  for  if  the  proper  motions  an  in  a  way 

t  of  the  n««rnes))  of  the  stara,  as  fiecmn  roawinable, 

len  it  followa  that  thoiw  ntarn  which  really  belong  lo  the 

ilky  Way  are  very  far  fnim  ns. 

[  JM).    The  Structure  of  the  Milky  Way.  —  Two  ffenetml 

Miriea  r\*H|H-k'lingtlinstriirtiirecif  tliti  .Milky  U'ay  have  been 

dvanceil,  and  each  a  aiipptirtecl  by  certain  furtit.     William 

tchi-l  KilvanrtMt  the  ao-callptl  "  grimlstone  "  theory,  which 

irrtji  that  lbi>  atant  which  make  up  tlie  (>uln\y  are  sprewl 

what  uniformly  in  the  fnnii  of  a  rnut  disk.  whoM! 

meler  ia  many  liitieH  iu  thirknvn.     The  solar  ayiitera  is 

lewliere  in  h%  interior,  and  nonr  enough  itii  cenu-r  an  that 

^sppram  iwnrly  equally  thickly  Mu<l<I«l  willi  star*  all  tlie 

f  rouiiti.     This  explains  why  Ihv  «lan  ttliould  apiMrenlly 

tnnmvnMtii  in  the  plane  n(  t.b«  \V\\V^  V^  ks  .  wA  n^-^ 
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the   numbers   shmiUl   diniinisli   graduuliy  as    its   poles  arf 
ajiproaelied. 

Thus  Fig.  180  represents  a  cross  section  of  a  disk  with  the 
solar  system  at  >S.  The  lines  1,  2,  3,  4,  5,  show  five  di- 
rections, and  the  corresponding  distances  before  the  borders 
of  the  system  are  passed.  IF  the  stars  are  distributed  uni- 
formly, the  apparent  numbers  in  the  different  directions  ' 
will  be  proportional  to  the  lengths  of  these  lines.  The  gen- 
era! iigrei'itiviit  with  the  farts  given  above  is  quite  evident. 
The  things  which  op- 
pose Herschel's  theory 
are  that  the  Milky  W^y 
is  extremely  irregular. 
Ill  the  fii-st  place,  its 
widlh  y&riea  greatly. 
This  means  that  in 
some  directions  from  the 
sun  the  disk  mast  bo 
pinched  down  even  out 
to  its  remotest  borders, 
while  it  may  be  very 
wide  in  the  oppoute  di- 
rection. Besides,  it  i» 
divided  for  a  long  dis- 
tance, which  meaiw,  if 
this      theory      is     troe, 

RltlH,     rif[o.jr.ii.l,c'lb-j  linnmnl.  'hat     the     UlVlSlrtD     mUSt 

be  fairly  complete  from 
perimeter  to  center.  More  troublesome  still  are  the  numer- 
ous dark  rifts  in  it  which  are  almost  devoid  of  stars.  They 
can  be  seen  on  many  photographs,  and  often  iu  the  vicinity 
of  dense  star  clouds.  This  means,  if  the  theory  is  true,  that 
there  are  tunnels,  converging  toward  the  solar  syst^im,  whirli 
L'xtend  through  tlie  entire  disk  of  stars,  a  supposition  whioli 
is  extremely  impvobaUe. 


■  THE  .STAIts  AXtt  NSBVLA8 

"  The  utlmr  tU'ory  is  thnt  tho  Milky  Way  ia  a  vast  Ix-lt  nf 
■Urn,  all  ftbuut  e<inal1y  ilUlant  from  ua,  eiicin-lii)(^  the  sky. 
Of  coune,  there  tire  ninny  tttant  which  dn  iiol  lieloii^  In  this 
belt.  Thin  exjilaittx  thu  genera!  Hpiwaraiioeit,  mid  ih«  irrpffu- 
Lmtim  Rnd  diirk  liolc-s  do  not  ciiiise  wrioiM  difliculiy,  (or 
th«y  irv  imrtial  rift«  in  tlie  btdt  of  stara;  but  tlm  fm-t  that 
tho  «%'4.'raf^  nunitwr  of  stars  [>er  Mjiiari-  di-};rpu  dpi-reaaea 
rvguUrly  frotu  the  Galaxy  to  ita  poli-H  in  quit©  coiitrwlictury 
to  thiA  hyiMithcHia  respecting  their  distrihution. 

The  trouUu  with  both  thoorioH  ftcenia  to  be  that  they  are 
I'M)  Hituplt!.  Itap|ieuniRi<)repr<ilMi)>le  that  ihenjartranuiiilier, 
if  not  tiMny,  lielbt  uf  utartt  approxiiimtvly  in  tliv  same  [ilanr, 
and  twaidcM  a  lar^  iiuml>er  nf  other  stars  niorv  dniforiiily 
diiitributrcl.     Thus   Fig.    1H2  chons  a  oross-iMrt-tion  of   the 


1  n>u-wrU"n  vl  111--  MilkiV  « ii>  ■•ii-r-ling  ii>  !)«■  licit  1b<<urT. 

irtic  rvffioh  aoctinling  t«i  thia  cimreplioti  of  thi-  distribu- 
1  of  thu  sUrs.  S  ia  the  sun.  an<l  thn  lines  1,  2.  »,  -I,  n, 
irli  r>Mt  la  the  tioandnry  of  the  slnr»  in  diflfcrvnt  dinTtidOM. 
pi  is  evident  that  the  stars  are  tmiot  nmneniiui  in  the  dirt-p- 
it of  tJie  Milky  Way.  ami  thnt  ih«y  ^Tadiinlly  diininifih  in 
mltera  t«>wartl  its  iMilrs.  Thrrf  are.  besides,  <^pc»rtunitifs 
r  rifu  anywhere  in  the  Milky  Way. 
L  Acfonlini;  to  (iuuld.  the  sun  probably  belong  to  a  belt  of 
tout  40<)  slant,  which  viM-irclv  tlw  a\t^~  '\n  tv  \i\9itvtt  \uOaxv«^. 
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about  20°  to  the  plane  of  the  Milky  Way.  It  iaterHecb  tie 
Milky  Wity  nt  its  most  northerly  anit  nioet  southerly  poiath 
and  pa8se»  through  Orion,  CanU  Major,  Carina,  the  South- 
ern CroBs,  iiud  Scorpio  south  o(  the  celestiiil  equator,  an-i 
through  Lyra,  Cyguiis,  Cassiupeia,  iind  Taurus  north  of 
it.  Tiiere  are  many  bright  Htura  in  this  region  which,  i 
pared  with  the  di.sl!iuce8  to  the  stars  of  the  Milky  Way 
relatively  netir  our-  another. 

391.  The  Parallaxes  of  the  Stars.  — Since  the  earth  revolves 
around  the  sun  the  slurs  are  apparently  in  slightly  different 
directions  from  it  at  different  times  of  tlie  year.  The  differ- 
ence in  direction  of  a  star  as  seen  from  two  points  on  the 
earth's  orbit  which  are  separated  by  the  mean  distance  to 
the  sun  is  the  parallax  of  the  st;ir.  In  other  words,  the  par- 
allax of  a  star  is  the  angle  subtended  by  the  major  senii-AXia 
of  the  earth's  orbit  as  seen  from  the  star. 

If  the  earth  revolves  around  the  sun.  the  stats  willbaTft 
parallactic  displacements.  Hence  their  parallactic  motiont 
prove  the  lieliocentric  theory,  and  all  of  tlie  early  attempts 
to  find  a  star  with  ii  measuraltle  parallax  were  made  for  the 
purpose  nf  settling  this  question.  IJut  now  the  heliocentric 
theory  is  lirnily  established,  and  parallax  measurements  are 
made  for  the  purjxfse  of  finding  the  dlst^ucus  to  the  stars 
and  the  structure  of  the  sidereal  universe. 

The  direct  method  of  finding  the  parallax  of  a  star  is  to 
find  tlie  way  its  right  ascension  and  declination  vary  through- 
out the  year  aa  a  consequence  of  the  earth's  revolutji 
Uetwoen  lUSfi  and  1840,  Kessel,  Struve,  and  Henderson  fol- 
lowed this  method,  and  each  found  almost  simnltitneuusly  H 
star  whose  [mrallax  was  sensible.  The  stars  are  all  so  very 
romote  tltnl  thoir  parallaxes  so  far  as  known  are  less  than  1". 
and  the  dillicnltiits  in  detecting  such  small  variations  afltr 
all  the  changes  the  observerand  instrumcints  nndergoinsix 
at.  This  metliotl  has  gi 
|[dy  a  \ei\'  Iua  ciiaes. 
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measured,  (ire  0.  ()■')"  or  over.  The  nearest  one  known  is  Alpha 
Centauri,  whose  pni'atlax  is  O.Tii".  Since  there  are  206,265 
Beconds  in  a  radian  it  follows  that  this  star  is  H*fs—  =  275.020 
times  as  far  from  us  as  we  are  from  the  sun,  A  star 
whose  parallax  is  0.05"  is  15  times  as  far  away.  These 
statements  mean  that  only  a  verff  few  of  the  stars  are 
within  400,000,000,000,000  miles  of  the  sun.  Ileyond  a 
douht  the  great  majority  of  them  are  many  times  this  dis- 
tance from  us.  Or,  expressed  in  light  years,  the  great 
majority  of  the  stars  are  so  far  away  that  more  than  66 
years  are  required  for  their  light  to  come  across  the  vatl 
space  which  separates  them  from  us. 

392.  The  Motion  of  the  Sun.  —  Since  the  stars  as  a  rule 
Jiave  ^jroper  motiona,  it  follows  that  they  move  with  respect 
to  the  snn  as  u  reference  point.  But  if  the  rihserver  were  in 
the  vicinity  of  a  star  having  a  proper  motion,  our  sun  would 
appear  to  him  to  tiave  an  equal  proper  motion  in  the  oppo- 
site direction.  That  is.  motion  so  far  as  we  know  is  purely 
relative,  for  we  have  no  fixed  points  in  space.  But  we  may 
astjume  that  on  the  average  the  stars  move  as  much  in  one 
direction  as  another.  This  is  equivalent  to  assuming  that 
the  center  of  the  whole  system  of  stars  is  at  rest,  and  this 
assumption  defines  fixed  space  for  us.  Now  we  may  attempt 
to  find  how  the  sun  moves  with  respect  to  the  system  of 
stars,  and  this  will  be  called  the  motion  of  the  tun.  Attempts 
have  been  made,  chiefly  by  Michelson  and  Morley,  to  find 
the  motion  of  our  system  with  respect  to  the  etlier,  but 
they  have  so  far  failed. 

A  little  over  a  century  ago  Herschel  found  from  a  study 
of  tlie  proper  motions  of  the  stars  that,  on  the  whole,  those 
stars  which  are  in  tlie  direction  of  the  constellation  Hercules 
apparently  are  becoming  more  and  more  separated  from  une 
another,  while  those  in  the  opposite  part  of  the  sky  apparently 
are  approaching  one  another.  He  interpieted  this  as  meaning 
that  the  suu  is  moving  tofJB.vd  tU«  Rljits  in  Hercules,  and  it  is 
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««sr  to  nee  tliHt  thU  Iiy]HitltestB  exiiUiaH  llie  plieiiomeriH. 
Tbc-  fxplMistioii  u  likt'  Umt  of  tlie  f»ct  thut  l\w  ntilti  of  it  nul- 
war  tntck  «p[XMr  closor  and  cltHwr  t4)}{t<Uiur  tltt;  furOi«r  they 
are  from  the  uhservor  nmX  apparently  wpHratv  at  otiy  point 
M  t)ie  point  u  approaclied.  Henicbel's  r«»ult«  weru  dttrived 
from  a  limited  number  of  stara  and  weiti  subject  to  corre- 
apoDilinf;  unctirtAiiities.  Moreover,  ouly  atant  with  lar^ 
pro|NT  motions,  ami  therefore  presumably  near  the  sun, 
WITH  umhJ. 

Man.'  recently  acvvml  uthur   iiivMtifratdni.  amonj;  whom 

may  be  mvDtinnnl   Bom,  Slump*.-.    Porl«r.   L.    Slruri".   and 

Newcomb,  have  determined  the  directiua  of  the  aun's  mf>- 

Their  ranulta  agr«e  approximately  with  one  another 

vritli  thoM  of  Hentchel.  thou)j;h  there  ha»  IxMn  a  tend- 

!y  to  place  tlie  upex  nf  the  HHn'»  way  a  few  dti^reva  to 

tbe  northeast  of  tlit^  jtoinl  found  by  HeriHihvl,  and  wiUiiii  5* 

or  6'  of  the  Htar  Vefra.     The  oppotiitv  jmiiit  in  th«  sky.  or 

OMtspex,  ia  in  tlie  general  dinw-tion  of  Siriiis.     When  atan 

with  larg«  pro]H>r  motiona  aro  used,  the  apex  of  the  aoUir 

motion  romea  out  farther  nouth  than  when  thooe  with  tunallor 

|troper  motions  are  uaed.     That  is.  the  motion  of  tlti'  auu  with 

It  to  the  one  groufi,  which  is  preKuniahl^'  nvan^r  to  its. 

different  from  iu  motion  with  re(i|Hu?t  to  the  nthvr  atan, 

irh  aro  farther  away.     This  nitvinit  that  the  one  ];mu|i  ia 

iving  as  a  whole  with  res{iect  to  the  other,  and  cimfirtna 

ipinion  tliitt  the  sun  i»  a  raenilter  of  a  large  gnmp  of 

atnl  Ktant. 

Anotlwr  metlxHl  of   determining  the  aotar  motion   in  by 

apeotroMopically  nieaauring  the  nulial  vehtcitiea  of  the  utara. 

Thoas  in  tlw  direotion  in  which  the  aun  ia  moving  will,  on 

average,  rvlattwiy  approiich  the  aun.  while  ihtMe  in  tl»e 

latto  dirvclion  will,  on   the  «vrnig»%  rfivtle.     ('am|JH!ll 

recently  niiidi*  a  detcnninalion  of  the  a|>rx  of  the  Hun*a 

frum  the  railial  motiiHis  of  £80  atan.     llu  found  a  (Hiint 

wrat  and  about  IV  soath  u(  thmt  givnn  b<{  Om  Y^<;(qp^ 
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motions  of  the  stars.  He  necessarily  used  rather  bright, 
and  therefore  presumably  near,  stars.  Thiij  method  gives 
not  only  tlie  <lirection  of  the  sun's  motion,  but  also  its  veloc- 
ity. Th(i  measurements  of  Campl>ell  show  that  the  velocity 
of  the  sun  with  respect  to  the  system  of  280  stars  which  he 
observed  is  about  18  miles  (20  kilometers)  per  second.  At 
this  rate  the  sun  moves  about  4  astronomical  units  i>er  year. 
It  is  very  likely  that  the  motion  of  the  sun  with  respect  to 
a  greater  number  of  stars  is  somewhat,  though  not  greatly, 
different.  There  is  nothing  to  lead  us  to  suspect  that  we 
shall  be  far  wrong  if  we  assume  that  tliis  is  the  rate  of 
motion  of  the  sun  with  respect  to  the  center  of  gravity 
of  all  of  the  stars  which  are  visible. 

"^I'Ik^  stars  are  so  remote  that  the  sun  will  not  move  over  a 
distan(Uf  ecpial  to  that  to  the  nearest  one.  Alpha  Centauri,  in 
less  than  ^)^S,O00  years.  Tiie  relative  rate  of  approach  of 
the  sun  and  \'e^a  is  about  10  miles  per  second,  and  the  par- 
allax of  V<*<^'a  is  0.11".  Consequently  it  will  take  the  sun 
ooSjiU  )  years  to  j)ass  by  \^»ga.  Hut  Vega  lias  a  component 
of  motion  iM'rjK'ndicular  to  the  line  of  sight  of  nearly  0.5" 
j)er  y(far.  This  is  a])out  4  times  its  parallax,  which  is  the 
antrh*  su])trnded  bv  tlu*  earth's  radius  as  seen  from  the  star. 
('onstMjiiriitiy  this  ('oniponent  of  Vega's  motion  is  about  4 
astroiioniirjil  units  a  v(Mr,  or  a  little  more  than  its  radial  com- 
pnneiii  with  rrspfct  to  the  sun.  It  follows  that,  although  we 
an*  iiioN  iii^^  nearly  in  tlie  direction  of  Vega  at  present,  we 
shall  not  pjiss  very  near  this  star.  In  fact,  if  Vega  con- 
tinues to  radiat(^  the  same  amount  of  light  as  it  does  now. 
tlie  motion  of  our  system  with  respect  to  it  will  never  in- 
crease its  apparent  ])ri((htness  so  much  as  one  magnitude, 
and  it  will  be  liT.ljjOO  yt^ars  before  it  reaches  its  greatest 
briLchtness.  This  il hist  rates  how  little  the  stars  will  in  gen- 
eral (rlian*ife  in  appaient  briii^htness  because  of  the  motion  of 
tlie  sun. 

393.   Distances  of  the  Stais  determiaed  from  the  Motion  of 
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the  Sua.  ^Thc  Htam  nrc  no  very  far  rwh}'  coiiipaivcf  tr<  tliu 
<liiiiu(.-u-r  of  llie  nrbit  (lettcrilMMl  tiy  llie  eiirtli  tliut  tlit-  paral 
luxt!«  iif  only  i'-l  tif  tliem  m>  fur  luive  bevii  found  mpasuraljle. 
I  f  i\w  vanh'*  orbit  wvrv  !u  \urii*s  as  tliitt  of  Nvptuno.  the  proI>- 
l«-m  wiiuUl  i>e  vunivt  on  nueomit  of  the  largo  base  line  which 
ciitild  be  ummI.  But  tlic  sun's  inotioa  can  be  mnilt;  to  nfTurd 
ut  iiidcliiutdy  largo  base  line. 

Suppow  tirst  tluit  all  the  otAra  of  the  oliservnble  sidereftl 
universe  are  relatively  at  rest  except  the  nun.  Itti  mutiou 
»m(mg  then)  will  give  them  aii  iip[mreut  diiipUi(^tuei)t,  or 
|irfi[ier  motititi,  in  the  lUrection  opposite  to  that  in  which  the 
Kon  ifl  moviug.  The  farther  a  star  is  away  the  niiialler  thU 
pru|ter  motion  will  lie.  If  it  is  no  ren)i>te  that  mt  iliKplac«- 
ment  can  l>e  observed  in  1  year,  tlien  10  yearn.  100  yeurs, 
or  any  other  interval,  may  lie  u*eJ.  But  when  the  proper 
moUoo,  which  under  tlie  hyixHheses  is  entirely  due  to  the 
motioQ  of  tJie  Bun,  liaa  been  foun<l.  the  distaiico  to  the  atar 
can  be  computed.  Since  thu  sun  travels  about  4  astronomi- 
o*I  nnita  per  year,  it  follows  that  the  parallax  of  a  star  is 
one>foartb  of  its  annual  proper  motion. 

Tlie  falae  hy]>ntheaia  that  all  tJie  stars  except  the  Min  are 
relatively  at  rest  haa  gnratly  Himplitied  the  pruhlem.  A»  a 
matter  of  fai't,  the  sUtni  arc  moving  with  rfsjiect  tu  one 
onirther,  and  the  proper  motion  uf  a  star  is  due  both  to  itaown 
tDfttion  and  alwt  to  the  motion  of  the  sun  with  reniiect  to  the 
■yiilem.  Since  the  actual  motion  of  any  particular  star  Ja 
unknown,  it  is  neocsunry  to  take  the  avernge  motions  uf 
f_n»Jiy,  and  then  the  reaults  will  be  oonxistenl,  for  the  motion 
T  the  sun  is  deHned  with  res)*ect  to  the  many.  This  statis- 
i  study  of  tbe  stars  hu«  been  taken  tip  by  Kapleyn  and 
iued  with  rare  skill  and  diligence.  He  taken  a  large  list 
i.  say  all  o[  a  given  range  of  magnitudes.  lie  resolves 
r  propter  motion*  into  two  com)H)ivenl>i,  one  in  the  dircc- 
a  of  the  sun's  motion,  ami  the  other  at  t^ght  angle*  to  it. 
B  former  oompononts  depend  uytan  the  u\4A\im\  vt\  >SaA  wvdk 
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while  the  latter  are  indepeDdent  of  it.  8inc«  it  has  heen 
assumed  that  the  average  motion  in  every  direction  is  zenv 
it  follows  that  tlie  average  of  the  former  conipoaentE  nf 
velocity  would  equal  the  average  of  the  latter  if  it  were  nol 
for  tije  sun'a  motion.  Consequenlly.  the  difference  in  the 
two  averages  is  the  average  of  that  part  of  the  component  of 
motion  along  the  sun's  path  which  is  due  to  tlie  sun's  motion. 
From  this  result  it  is  possible  to  compute  the  average  par- 
allax of  the  stars  under  consideration  because  the  sun'« 
velocity  is  known.  i 

The  principles  which  form  the  basis  of  this  method  of  de- 
termining parallaxes  are  the  only  ones  which  give  us  muob 
hope  of  finding  out  a  great  deal  about  the  actual  distribution 
of  the  stars.  It  is  interesting  to  note  the  <lifFerent  kinds  of 
work  which  contribute  to  the  result.  First,  the  whole  prob- 
lem of  finding  the  apparent  positions  of  the  stars  at  dififereui 
times  is  involved,  for  the  results  dej>end  upon  the  proper 
motions  of  the  stars.  Then  the  spectroscope  is  employed  iu 
furnishing  the  velocity  of  the  solar  system,  for  without  it 
tlio  iictmil  nnmericiil  rewults  could  not  be  found. 

394.  Distances  of  the  Stars.  —  The  ancients  supposed  that 
the  stars  are  fiiirly  near  the  earth.  Tycho  Brahe  tried  to 
detect  their  parallaxes  with  the  crude  instruments  he  had  in 
his  day,  which  was  before  the  invention  of  llie  telesunpu. 
As  he  could  observe  no  annual  displacements,  be  took  the 
results  as  meaning  that  the  earth  is  stationary  rather  tlmn 
that  the  stars  are  so  remote  that  their  displacements  are 
insensible.  Since  the  errors  in  his  observations  were  some 
minutes  of  arc,  wo  see  how  near  he  supposed  tlie  stare  must 
be.  Bradley  took  up  the  question  of  finding  parallaxes  in 
172.5  and  discovered  aberration.  While  he  did  not  provu 
the  motion  of  the  earth  by  the  parallactic  motions  of  the 
stars,  he  did  do  it  by  their  aberrational  displacement«.  He 
supposed  that  the  stars  are  much  nearer  together  than  they 
have  been  found  to  \te.     \n  Va.«\„\)wa  \ttw^ination  has  never 
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It  is  neMMary  to  iielect  »  tiiiitablv  unit  of  distance  in 
desoribini;  tha  distribution  of  tbu  stant  in  8{nicc.  Let  ua 
-ujipoMi  n  stur  is  at  thu  dtstiini.^  unity  when  it  ia  SUU.OOO 
'  iiJicii  08  far  from  the  earth  us  tliu  earth  is  from  the  sun.  lis 
j'.inillit]i  in  thou  1",  and  light  comes  from  it  to  ua  in  a  liltlo 
tiK.n-  tluin  three  yean.  In  round  numbers  20.00<).000,<l00.0l)l> 
mili.-t  (-<)Uh1»  tlir  unit  of  sidereal  diMUtnoc,  ftquals  thrvu  light 
Tears.  Dip  unit  of  sidoreal  space  will  be  takt'n  as  the  sphere 
whnotf  radius  is  the  unit  of  sidereal  distance.  Since  nn  atar 
hiv^<  been  fouud  whose  imrallas  ia  so  great  as  1",  it  follows 
iliut  the  unit  siiliere  whose  center  is  the  aun  contains  no 
otiier  known  sun.  The  earth  com[Mire«  in  volume  to  this 
enormous  simkt  alxmt  ns  a  minute  partiole  only  ^\  of  an  inch 
in  diameter  does  to  the  whole  earth.  The  ])arallax  of  a  atar 
can  ni>t  1m  directly  measured  with  certainty  if  it  is  distant 
more  than  10  sidereal  nnits,  and  the  re^ntls  are  very  uncer- 
tain when  this  limit  is  appnuiohcil.  It  is  not  likely  that  we 
know  thi;  jmnillaxes  of  all  the  stars  that  are  within  lliis  dia- 
laiira  frtim  our  system,  hut  down  to  O.SO"  they  arv  probably 
nearly  all  known.  Stars  whose  pnrnllaxea  are  grt>ater  than 
this  amount  are  within  the  sphere  whose  rndius  ia  5.  There 
ai«  3U  of  these  stars  known,  and  tlie  volume  of  the  sphere  is 
1:£5.  That  is.  in  the  vicinity  of  the  sun  then!  is  1  star  to 
_about  <t  unita  of  sjince.  This  is  approximately  tlie'  star 
tatty  in  our  juirl  of  the  sidereal  s>-stem. 
iVe  shall  see  presently  that  there  are  two  main  ty|>es  of 
Ty[>o  I.  of  which  Sirius  and  Vega  are  examples,  are 
liite  or  bluish  while.  They  arc  inteiwcly  liot  and  linro 
grdrof^n  atmos]iher««.  Ty[K^  II  are  the  yellowish  stars 
liich  inclncle  the  sun,  CafiellH.  Areturuaiele.  Their  atmos- 
pherrw  contain  many  metals,  Krom  his  statistical  studiea  of 
proper  motions,  Kapteyn  hasderived  formulas  for  romputing 
the  average  disianoea  of  the  stars  of  various  magnitudes  of 
ty|iea.  The  following  table  shows  the  results  obtained 
»  fornmlaa  dowu  to  the  ftftAwnl\\  iaa.Q\\\.'ux&«,^&w««<^ 
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they  must  Ije  regarded  as  very  ancertain  beyond  the  ninth 
magnitude.  It  must  be  remembered  that  these  are  mean  re- 
sults derived  from  the  study  of  the  proper  motions  of  tbe 
stars.  They  may  be  much  in  error  for  the  first  few  magni- 
tudes Ix'cause  there  are  not  enough  bright  stars  to  make 


Ma<;»itudk 

DiSTAJICB 

1 

Type  I 

Typen 

.'W.7  =  101  light  years 

14.4  =  13  light  years 

•J 

\:\:2  =  IW  light  years 

18.5=56  light  years 

:j 

r>5.i  =  166  light  years 

23.7  =  71  light  years 

1 

71.0  =  2i:night  years 

30.4=01  light  years 

Ti 

1)1.0  =  273  light  years 

38.9=117  light  years 

i) 

117.0  =  :r>l  light  years 

50.0=150  light  years 

7 

1 :/).()  =J.V)  light  years 

64.0=192  light  years 

H 

11)2.0  =  570  light  yeai-s 

82.1=246  light  years 

U 

2M;.0  =  7:{H  light  years 

105.0=315  light  years 

10 

:Uf).0  =  lU8  light  years 

135.0=405  light  years 

11 

10.')  0=121.')  iight  years 

173.0=519  light  years 

12 

.')11).0=  ir).")7  light  years 

222.0=666  light  years 

i:{ 

000.0=  11108  light  years 

285.0=885  light  ye^rs 

11 

8r)J.O  =  2.'>02  light  years 

365.0=1095  light  years 

l.') 

10JK).0  =  :J270  light  years 

468.0=1404  light  years 

tlu^  stHtisticjil  inetliod  safe.  They  may  also  be  much  in 
error  for  tlie  fainter  stars  which  were  not  used  in  deriving 
the  forimilas. 

Our  Hun  is  snri)assed  in   brilliance  by  many  other  suns. 

The  mcjisuremeiits  of   Wollaston,  Bond,  and  ZoUner  show 

that   its   nia^nitiule   on    the   stellar   basis  is  about   —26.4. 

From  this  we  can  conij^ute  its  magnitude  as  seen  from  any 

(listancr.     U  is  found  that  if  it  were  removed  to  the  average 

distiiura  of  a  first-uvagmU\<\^  ^l^t  ol*\:^^^\\\»-«wldbe  only 
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a  litllo  liriKliUT  tlinii  All  figlitti-iuagiii tilde  ntar.  That  ia.  at 
the  Mino  iliAUiii»i  it  would  bo  only  iilxnit  ^Jg  am  liritjlil  m  an 
rera^  Ktar  of  tliu  Tfii«  1.  If  it  wvru  reiiioveii  to  the 
rerngv  dintauco  uf  a  linit-m»gnitud«  atar  i>f  tlie  Tyiw  II,  it 
Oalil  be  of  aliout  llie  mslli  ma^ntudu.  Or,  at  tlii^  tuimu 
istance  it  wmilil  Iw  oiilv  about  |^g  as  brigbt  as  an  avoragu 

rof  tb«Tyi.r  li. 

^  S95.   Motions  of  the  Stan.  —  The  motions  of  the  xtara 

kl>  re:M{M>ct  to  one  another  arts  shown  by  tliuir  rclativv  iimix-r 

I,  and  by  thoir  different  rudial  volocitiev.     Siuci'  tlio 

Hilutv  motion  of  R  star  can  not  be  found  unlesfl  its  {tarallax 

I  known,  it  ia  neceswiry  to  treat  many  stars  by  the  statis- 

mI  method.     Our   f;<>ucral    knowlvd^  of  ihitt   Hubjeet   is 

ffcly  dnc  to  Kaptvyn,  who  fotiml  that  the  avum^f  ojH'ttd 

which   the  stunt  move  is  nlmiit    1.86  times   the  sun's 

■locity.    Since  tJie  sun's  motioo  with  resiiect  to  th«  avt-rago 

I  the  «tar»  is  about  12  mitos  per  second,  their  avera^  ii]ieed 

iritb  ntMpect  to  the  remainder  of  the  st^^llar  system  is  about 

£2.8  uUea  per  second,  or  about  7.-1  timiM  the  earth's  distance 

from  the  suu  |>er  year.     Since  tlio  unit  of  siderud  distance  is 

(1,000  times  the  distaiici«  frtim  the  earth  to  the  sun.  it  fol- 

I  that,  on  the  avemgo,  the  stang  moro  through  a  unit's 

B  in  27.000  years. 

Kspteyn  found,  as  has  been  stated,  that  there  is  one  star 

^  About  G  units  of  sidereal  space.     ('oiiM>()ucnlly  thvir  dis* 

a  a[i«rt  avcnigui  about  4.5  units,  and  on  the  Bveraf{v  they 

Rover  (his  distance  in  about  100.000  yLvrs.     It  is  evident 

I  these  numbers  tluit.  if  the  motions  of  the  stars  are  quite 

nroid  of  system,  tlu-y  will  after  very  lon^   intervals  [mms 

latively  near  one  Another.     It  is  found  that  then?  in  about 

dunce  in  40,000,000  that  some  sun  will  imiss  within  a 

blion  miles  of  any  ]Hirliculiir  Mun  ouee  in  KKl.000  years. 

I  There   ore   starM,   however,   tnorintr    with   much   greater 

'  N:iti(»    tlian    the   arernfre.       Ttie   star    known   as    ISdQ 

mmbrid^iuunprujter  mniint\ot1.*i\A!'  y*^  •j^hw^i^?^'**'-'^ 
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il  in  HO  remote  thtit  its  parallax  is  only  0.15".  Therefore  it 
InivclB  yuarly  7.04  -»-0.15=  47  times  the  distAiice  from  the 
eurtli  to  the  Hun  in  a  direction  at  right  angles  to  the  line 
joining  it  with  ux.  This  component  of  velocity  is  138  mile^ 
[)er  fiKCond.  Its  actual  velocity  ia  probably  considerably 
greater.  In  1897  Kapteyn  discovered  from  measurements 
of  plat«(i  taken  by  Gill  and  Innes  at  the  Cape  Observatory 
a  star  having  a  utill  larger  proper  motion  of  8.7"  per  year. 
Its  actual  velocity  will  not  be  kuoAvn  until  its  distance  Itss 
b«en  measured,  but  it  is  certainly  very  great.  There  are 
now  quite  a  number  of  stars  known  who»e  velocities  with 
respect  to  the  average  of  the  system  exceed  100  miles  per 
flucond. 

The  large  velocities  of  some  of  the  stars  have  an  interest- 
ing bearing  on  some  of  the  more  general  speculations  in 
coHmogony.  Many  wlio  have  redected  on  the  development 
of  the  sidereal  universe  have  attempt«d  to  show  that  it  could 
have  evolved  from  a  chaotic  state  in  which  the  matter  of 
which  it  is  composed  was  scattered  somewhat  uniformly 
through  the  vast  domains  which  it  now  occupies,  and  in 
which  the  various  parts  were  relatively  at  rest.  According 
to  HHch  ideas  every  relative  motion  which  now  exists  baa 
boon  develojied  by  gravitational  forces  in  the  system.  Bui 
it  can  easily  be  shown  by  the  principles  of  celestial  mechan- 
ics that  the  mutual  gravitation  of  the  stars  ia  not  competent 
to  generate  such  enoimous  velocities.  If  we  make  the  very 
Hl>eral  estimate  that  there  are  10,000  millions  of  suns  of 
the  mass  of  ours  spread  out  in  a  space  which  it  takes  light 
10,000  yours  to  cross,  and  if  we  suppose  that  a  star  has  come 
from  an  infinite  distance  toward  this  sidereal  system  under 
the  impulsion  of  its  gravitation,  we  shall  find  that  after  hav- 
ing been  subject  to  its  entire  gravitating  force  in  one  direc- 
tion for  an  infinite  time  it  will  arrive  at  the  borders  of  the 
aystvm  ^vith  «  velocity  \osb  than  100  miles  per  second.  This 
shown  the  weakness  ^A  a\\i:\\  ^v^'^''^'*''^'^'^*'^-    ^'^  ^side  froin 


ihvm.  there  is  do  ruiuoii  for  uotuining  that  the  stars  were  | 

oritfinally  rolaUvi-ly  at  n»t,  and  hence  w«  are  under  no  ohli' 
gatintiB  Ui  accoant  for  their  motionn  any  more  than  wu  are 
for  their  exiateace. 

But  lli«  iutere«ling  fact  of  the  very  hif^h  wlocitiea  remains. 
So  far  as  we  caii  ttue,  such  stars  iw  I8S0  Groombridge  will 
pass  along  in  nearly  straight  lines  and  forever  leave  the 
Tuible  aidcreal  universe  in  a  very  few  milliona  of  yearit.  I.iko- 
wta«  they  inuitt  have  entered  the  part  of  tlie  universe  with 
which  we  are  acquainted  not  many  inillioiia  of  years  ago. 
We  are  not  yet  in  a  position  to  appreuiale  the  signili(»nce  of 
■uch  Btarlltng  facts  as  these. 

The  larj;c  avi^ragc  velocities  of  the  stars  show  that  their 
iiHitiona  are  nearly  rectilinear  and  practically  inde[>endt!ttt  of 
Uirir  mutual  attroctiitns  exct-pt  at  the  limes  when  two  or 
more  of  them  imwt  near  one  another.  In  this  resjtrvt  they  are 
■omelhin^f  like  the  molecules  in  a  gas  which  move  in  aensilily 
aUitight  lium  except  when  they  collide. 

The  com[iarison  of  the  motions  of  the  8tars  of  our  xidereal 
system  with  thu  motions  of  the  molecules  of  a  gas  is  in  one 
re«j>ect  apt  to  lie  misleading.  The  motions  of  tliii  stare  are 
Dot  all4>gether  at  rumlom ;  there  are  many  examples  where 
grou|w  of  stars  have  sensibly  tlie  same  motions.  The  I'leia- 
des  and  a  large  uumlicr  of  fainter  stars  in  the  same  region 
move  in  the  same  direction  with  the  same  xjieed.  It  is  not 
to  lie  supi>a«ed  that  this  is  the  result  of  their  mutual  gravita. 
tiiin.  It  indicates  rather  a  common  origin,  and  their  similar 
•fiei-tra  {Hiint  strongly  in  the  same  direction.  Some  more 
widely  scattered  groups  such  as  the  stars  in  the  Uig  I)ipi>cr 
hare  parallel  equal  motiona.  Such  eases  are  remarkable,  for 
tbtfw  Stan  arc  atiout  one-tunth  as  far  a|iart  m  they  are  from 
OS.  An  obaerrer  ncnr  one  would  sec  the  tithers  as  slars  nut 
macli  biigbtar  than  Sinus  seitms  tii  us.  This  explains  bow 
they  c«n  move  in  nearly  [sirallel  Uul-s  without  siiemlily  rushing 
togsthu  beoMuw  of  Uitiir  mutual  gtftVtWtiiuu-     K&\)»»\«e«^ 
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remarked,  the  sun  is  probably  one  nf  »  group  of  sometliiug 
like  100  stars,  and  we  may  tinti  that  the  great  majority  uf 
stars  are  members  of  a  limited  number  of  star  familiea. 

396.  Groups  of  Stars  —  the  Pleiades.  —  Here  and  there 
throughout  tlie  sky  are  placet;  where  the  brighter  stars  seem' 
to  be  clustered.  These  families  of  stars  are  of  such  magiiiG- 
cent  proportions  as  to  stagger  the  imagination.  Among 
the  heat  known  are  the  Pleiades,  the  Hyadea,  Coma  Bere- 
nices, Pnesepe  in  Cancer,  and  Orion.  While  they  differ 
greatly  among  themselves,  a  general  idea  of  their  character 
can  be  obtained  from  a  description  of  the  Pleiades. 

Tlie  seven  brightest  stars  in  the  Pleiades  are  of  about  the 
fourtli  magnitude  and  they  cover  nearly  3  square  degrees.   As 
was  stated  in  Art.  56,  their  proper  motions  show  that  thej 
are  so  remote  that  their  light  comes  to  us  in  sometliing  like 
267  years.     At  this  distance  the  sun  would  shine  as  an  in- 
Higniticiuit  ninth-magnitude  star.    Butitmust  notbeimagined 
that  these  stars  are  really  close  together.     Those  which  can 
be  seen  average  something  like  half  a  degree  apart.    That  is, 
they  are  something  like  y^^  as  far  from  one  another  as  liie   ' 
group  is  from  us.     The  two  or  three  years  which  wouhl  be  1 
required  for  the  light  to  pass  from  one  to  another  are  com-   ' 
parable   to   the   time  required  for  light  to  come   from  tlie 
nearest  stars  to  the  earth.  ' 

The  telescope  reveals  a  large  number  of  stars  in  this  region  ' 
which  one  would  not  suspect  from  observations  with  the 
unaided  eye.  (See  Fig,  21.)  The  measurements  of  Elkin 
show  that  45  of  these  fainter  stais  have  the  general  motion 
of  the  group,  and  are  consequently  very  probably  a  part  nf 
it,  while  8  were  found  having  different  motions.  Besides 
tills  there  are  nearly  2000  fainter  stars  which  were  not 
examined.  However,  the  fainter  stars  are  less  numerous 
than  they  are  in  most  parts  of  the  sky,  and  even  in  neigh- 
/joriiig  regions. 

Abuut    60    years  u.^'^  Teva'^'iN.  'cvcftlviwi.  -s.  faint  nebulosity 
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Centauri  seem  to  as  to  be  less  thao  a  degree  apart.  Bejond 
a  doubt  tlie  stars  in  all  tbis  vast  space  are  iotimatelr  related 
by  tbeir  origin  and  their  evolution. 

397.  Globular  Star  Clnsters.  —  Perbaps  more  wondeifnl 
tban  tlie  grouiis  of  related  stars  are  ttie  dense  globalar  clns- 
ters.  (See  Figs,  o  and  20.)  They  cover  portions  of  tbeskv 
genemlty  less  than  one-half  a  degree  in  diameter,  that  is.  less 
than  the  apparent  diameter  of  tbe  moon.  There  are  more  than 
100  of  these  systems  knowni,  and  they  often  contain  several 
tboasand  stars.  A  photograph  of  the  great  cltister  Omega 
Centiiuri  in  the  southern  heavens  showed  over  6500  stars. 
Deducting  1500,  which  the  average  star  density  of  tbe  region 
Hhowed  were  seen  in  the  cluster  only  by  projection,  50tM) 
remained  as  members  of  this  great  s^'stem.  Palmer  counted 
6482  on  &  photograph  of  the  great  Hercules  cluster  taken  at 
the  Lick  Observatory.  There  are  also  fine  dense  clusters  in 
Canes  Venatici  and  Pegasus  in  the  northern  sky. 

The  stars  in  most  of  the  clusters  are  very  faint,  ranging 
from  aliont  the  twelfth  to  the  sixteenth  magnitude.  It  is  a 
question  of  great  interest  whether  these  systems  are  made  up 
of  great  suns  like  ours  which  appear  feeble  and  near  together 
only  because  of  their  great  distance  from  us,  or  whether  they 
are  eitamplea  of  evolution  in  which  the  matter  was  distributed 
nearly  equally  among  a  very  large  number  of  small  bodies. 
In  answering  this  question  the  first  thing  would  be  to  find 
their  distances.  It  is  not  possible  to  measure  their  parallaxes 
by  direct  processes,  and  their  probable  distances  can  be 
inferred  only  from  their  proper  motions.  Unfortunately  we 
do  not  yet  have  any  positive  data  bearing  on  the  problem. 
It  seems  probable,  however,  from  their  apparent  fixity  tliat 
they  are  distant  at  least  400  light  years.  At  any  rate,  we 
may  make  this  assumption  in  order  to  obtain  some  sort  of  a 
picture  of  what  a  cluster  really  is.  At  that  distance  our  sun 
wonld  appear  aa  an  pleventh-magnitnde  star.  From  this  it  is 
Apparent  that  th«  bVaibw  c\MsViiwwe.'a5i\\R\^''^table  sunst 
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tboMffh  pnwiibly  Mimllvr  than  our  own.  Hut  it  most  bo 
rvmembrrud  tbnt  our  vMlimutv  of  Uioir  tlisUuice  may  b«  alto 
get  her  too  amall. 

Acritnliiig  to  our  liypotbcMii  as  to  thu  difttaiiRnti  of  tlic 
cliuterm  tbeir  diBnietertt  are  somelhinji;  like  tbo  (liHtuiico  from 
oar  ■ytt«iu  to  Al[iliii  Ceutauri.  Whatever  their  diBtanceii. 
■tan  (roDi  one  Kide  of  u  climtttr  would  ap[»eur  from  the 
opponte  ndi'  aliout  wt  Imj^ht  an  tlu'  IMeindtts  do  to  um.  Their 
imnwiMe  tixv  mrjiiis  that  the  iridivitluul  itturs  of  which  they 
mn  oomiMiHotl  cnti  not.  on  the  iivur»^e,  Ih<  very  near  to}^-Uier. 
In  a  cluster  of  the  tuMumud  dimeiisiontt  coutmuiii^foOOOstArs, 
the  «Te^^^  dislnuce  of  the  Htara  from  one  another  would  Iw 
S0.OM  timea  the  distance  from  the  earth  to  the  sun.  When 
we  retnember  that  gmvitation  variea  invemely  tM  the  luiuare 
of  the  diatanoe,  vn  are  not  flurprined  that  thette  bodiemlo  |]ot 
hl\  lo  the  center  of  the  eluitter  under  the  influence  of  their 
mutual  ^mvitniion,  or  even  thtit  in  the  few  yean*  durini; 
which  they  liare  l»een  carefully  ntudied  no  rrliilivo  motions 
have  Imnmi  oltwrvtKl.  There  i»  plenty  of  room  In  llieiii  for 
almuat  indefinite  motion  without  culliMon,  and  there  la  no 
{^t-itational  nen-Ksity  for  any  higher  velocitieit  than  other 
atATB  ptiwwiaB  on  the  averufiv. 

When  we  consider  the  dimentiioufl  of  star  clusters  and  the 
great  distADces  lictween  the  sepamte  stars,  we  atv  apt  to 

■nclude  that  they  have  no  intimate  relation  to  one  awitlwr. 
I  ■It  thin  ouneluMon  i»  eeruinly  fuliw.  About  10  years  ago 
I  •Illy  announco<l  that  many  elusten,  |>erha|M  1  out  of  5, 
contain  very  many  variable  stars.  In  a  given  elustor  the 
range  of  variability  is  nearly  the  same,  usually  a  magnitude 
(rr  two,  the  ehanieter  of  the  light  variation  is  essentially  llie 
MUDH,  anil  the  |ieriu4ls  of  vahntiini  are  approximately,  though 
not  exactly,  the  saiue.  The  variable  stars  flash  ont  for  a 
riiort  time  with  fnim  ^  to  f!  tinien  Uieir  ordiiutry  liifht  at 
r-T^Iar  iulervnU  of  UKually  u   few  hnum.     Their  a|>iiroxi- 

Mtely  r(|ual  jn'HinU  »uggest  the  iiieu  V\\bX  >^ve'<j  ^'c^  %«7^ 
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miirlj  »like,  and  that  p<iH.sil>Iy  the  periods  were  originally  the 
samt:,  Imt  that  they  have  become  slightly  different  L^ecause 
of  H'ime  sliglii  inherent  differences  in  the  stars,  or  of  their 
different  environnienlti.  Although  the  discovery  of  these 
variables  is  very  recent,  ami  the  search  for  them  by  no  means 
exliaustive,  yet  more  than  500  of  them  have  been  found. 
Their  relative  frequency  in  apparently  quite  similar  clusters 
varies  grciatly.  Xune  has  yet  been  found  in  Omega  Centauri, 
i  iiave  W-en  found  out  of  1000  examined  in  the  Hercules 
cluster,  wliile  132  out  of  {'OO  in  the  cluster  in  Canes  Venatici 
wore  found  to  be  variables.  We  have  at  present  no  idea 
whatever  of  tlie  reiiMim  of  tlieir  variability,  but  the  fact 
jKiiiils  to  fundamental  similarities  in  the  members  of  these 
grcut  uKgri'^iations  of  stars. 

398.  Double  Stars.  —  A  few  double  stars  have  been  known 
almost  sinfic  llic  invention  of  the  telescope,  but  Herschel  was 
the  first  aslninonier  to  .icarcli  for  them  systematically,  and  to 
mitasnre  IJieir  tlistanec  and  direction  from  each  other.  As- 
Huniiiig,  perliaps  unconsciously,  that  the  solar  system  is  the 
nornjiil  type,  he  supposed  the  stars  were  only  in  the  same 
direcliun  itnd  thiit  they  were  not  intimately  related.  His  pur- 
posi:  in  iiKMsiiring  them  was  to  find  the  apparent  motions  they 
wuiiiil  liiivi;  with  ri^spfct  to  eacfi  other  if  they  were  unequally 
rinuulc.  due  lo  the  (^iiilii's  motion  around  the  sun.  From  the 
niufjnitudi'  of  these  iippureut  displacements  it  would  be  pos- 
sihli'  l(j  t'Diiipiild  the  distance  of  the  nearer  star.  Instead  of 
tiiidiii^'  wliiii  111'  sought  for,  to  his  surprise  he  found  in  the 
iiiuisi'  of  a  fi:w  years  that  some  pairs  were  actually  revolving 
II  run  lid  lai^ii  I'tlit^r.  lnstea<l  of  a  star  having  always  a  retinue 
iif  ]j|iiiicis.  ill  scjiiic  (uses  certainly  there  are  twin  suns  of 
issiiiliidly  tln^  siiiiie  dimensions.  They  may  have  planetary 
allindiiTits  or  not.  so  fur  as  we  know,  because  such  objei.'ts 
wiiuld  \i\'  licyoud  tho  range  of  our  instruments  even  though 
Diry  HiT(t  a  thousand  times  more  powerful  tlmu  any  yet  cou- 
Ht  i-uvifti. 
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In  the  punt  century  many  observora  have  devoted  thcm- 
flelvea  diligently  to  double-star  aotronomy.  The  nameA  that 
•tand  out  intNit  pn>minently  are  William  Stnive.  Daweit, 
John  IlprKliel,  and  Itunilmin.  Atmut  1^.1)00  jiairH  of  double 
stADi  art'  now  known,  am!  new  very  oliwe  jwiint  are  ourwUtntly 
bcin}{  diM^ovfrt'd.  Iliixovy  nnd  Aitki'U  funnd  tliut  about  1 
■tar  in  IS  bri);IitiT  tlinu  tliu  uintli  magnitude  is  stmwn  by 
the  Lick  ti-leacoiw  to  b«  a  double.  In  not  every  ca«e  are 
two  Htam  wliicb  are  apiuirently  near  each  other  in  the  sky 
ai'lually  oounerted  phyaically-  "Near"  meanH  in  this  con- 
tKH-iion  that  the  two  vom[>onfnt«  uro  not  aeparated  fnwn  «aoli 
other  by  more  than  20",  which  ts  alxmt  one-tenth  of  tlie 
•malWl  angle  iho  eye  can  dislin^^uish  without  oj-tieal  aid. 
""  -mclimvB  one  comjfuncnt  of  h  pair  m  much  farther  from  us 

..in  the  other,  when  they  form  a  double  simply  by  [>era]>ec- 
t.vf.  Itul  the  chancen  are  very  much  against  there  being 
iiuiny  pair*  in  the  nky  accidentally  bo  nearly  in  the  name 
direction  from  uh  aa  the  two  com[>(inent»  of  a  double  star. 
Hence  it  ih  probable  that  a  very  large  proi>ortion  of  tlie 
dimhlu  KlarH  are  pbyitioally  connected.  Those  which  are 
known   In  form  MvctrniK  an-  called  binaries. 

3M.  The  Orbits  of  Binary  Sun. —  The  tiUrs  are  Ro  remote 
froQi  us  that  the  components  o(  a  binary  system  can  not  be 
•een  aa  two  se|iarate  stars  unless  they  are  a  great  diHtanoe 
apart.  Uut  when  they  are  far  fnim  each  other  ihvir  [nTtodK 
arv  lon^,  and  obu'rvationa  must  extend  over  many  yeant  in 
onler  tv  fiinuMh  data  for  tlie  cunipulation  of  their  urbtta. 
The  double  stars  first  discovered  weru  those  which  were  ot't 
-  close  together,  and  while  in  many  cases  we  are  now 
»  that  the  two  eom[Mmentit  of  a  pair  are  revolving  around 
I  other,  in  only  Aii  or  40  have  the  arcs  dewiribed  been 
it-ient  to  give  the  orbits  with  preciiuan.     The  ortiits  of  -10 

[  the  laait-knnwn  binary  slan  wvrw  computvil  by  See  bIkhiI 

I  year*  ago, 
ITIhi  iwriuils  uf  binary  stars  range  (mtn  aUiuV  ^  '^^sax^  Vt 
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hundreds  and  perhaps  thousands  of  years.  The  planes  of 
their  orbits  are  inclined  at  all  angles  to  the  lines  joining 
them  with  our  system,  so  that,  as  a  rule,  we  see  their  orbits  in 
projection.  Perhaps  the  most  interesting  thing  about  their 
orbits  is  that  generally  they  are  quite  eccentric.     See  found 

that  in  the  40  orbits  he  computed 
the  eccentricity  averaged  0.48,  or 
more  than  12  times  that  of  the 
planetary  orbits. 

400.  Masses  of  Binary  Stars.  — 
The  masses  of  the  planets 
which  have  satellites  are  found 
from  the  periods  of  the  satel- 
lites, and  the  computation  is  a 
simple  matter  (Art.  181).  The 
masses  of  Mercury  and  Venus 
have  been  found  from  their  at- 
tractions for  other  bodies,  chiefly 
Fkj.  185.  —  Apparent  Orbit  of  Xi  comcts.  The  mass  of  cvery  cele-s- 
Bootis  (See).  ^{^1  body  is  found  from  its  attrac- 

tion for  some  other  body.  It  is  evident,  therefore,  that  the 
mass  of  a  single  star  remote  from  all  other  visible  bodies  can 
not  be  found.  On  the  other  hand, 
wlien  the  size  of  the  orbit  of  a 
binary  pair  is  known  and  the 
period  of  their  revolution,  their 
combined  mass  can  be  computed 
just  as  tlie  mass  of  a  planet  and 
satellite  is  computed.  The  ap- 
parent size  of  tlie  orbit  is  ob- 
served, and  tlie  actual  size  can 
be  comi>ute(l  when  the  dis- 
tance of  the  star  is  known.  At  present  there  are  only  six 
cases  of  visual  binaries  in  which  all  the  required  data  are  at 
band.     They  are  gwew  \xi  \\\^  lci>Xw«\w^  table^  where  the 


Fig.  186.  —  Actaal  Shape  of  the  Or- 
bit of  Xi  Booti8  (See). 
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Wlumns  lire  in  onWr  :  (1>  Uie  name  of  the  Htnr,  (2)  thHAppar' 
rat  major  Mini-nxiH  of  iu  orlnl«,  (H)  itit  eccentricily,  (4)  iu 
pATkllax.  (5)  majur  MMtiiMixia  iu  ttrms  of  tlie  euriirH  digtAnce 
from  the  mm,  (.6)  period  in  years,  (7)  combined  mass  of  the 
psir  it)  Urrmi*  of  tlit!  sun's  masii,  and  (8)  the  light  radiated  in 
tcmu  of  tlio  sun'o  light. 
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There  are  not  enough  pairs  given  in  this  tnble  to  enable 
iM  to  drvw  any  general  conclusiona  with  safvly.  The  average 
distance  of  tho  slant  of  a  pair  from  eacli  utlicr  is  23,  or  a  little 
gr«al«r  tluui  tlie  mean  ilitttauce  of  I'ranus  from  thn  snn.  It 
Li  altofrether  probable  tliat  in  niottt  casBH  tboy  are  farther 
a[MTt  than  these  stars,  for  those  wbicb  »re  at  great  diHtances 
frtMn  each  other  have  such  long  ix-rio<U  tliat  their  orltiu  are 
not  yet  known.  The  average  mass  of  n  [Miir  is  3.5  limes  tbat 
of  the  sun.  whilo  tbo  averagt'  nuliatiug  power  is  nearly  0 
times  that  of  the  sun.  This  ai<tims  t«>  indicate  that  the  stars 
are  on  the  average  relatively  more  brilliant  tlian  the  sun. 
and  this  idea  is  BU|i|Kirt4i]  to  wime  cxlvnt  by  the  exc««8ive 
power  of  railiation  i»f  niany  stars,  as,  for  examph',  iIm-  brighler 
^MDe^  in  the  Pleiades. 

H|  Wlieu  the  orbila  or  the  (wo  stnni  of  a  [mir  with  re«[>i-i't  tii 
^flMir  center  of  gravity  in  known,  their  separate  tnaasrs  can  Ix- 
^^BOtputed.     (.}f  tlie  D  stars  in  the  luhie  w«  Uavu  tUv.  vv(K.<e«w.-t^ 
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data  with  some  approximation  in  the  case  of  Sirius,  Procyon, 
and  85  Pegasi.  The  masses  of  Sirius  and  its  companion  are 
respectively  2.5  and  1.2  times  that  of  the  sun.  The  corre- 
sponding numbers  in  the  case  of  Procyon  are  0.6  and  0.2.  It 
is  remarkable  that  in  both  of  these  systems  where  the  dis- 
parity in  the  masses  of  the  two  bodies  is  not  great,  the  primary 
is  nearly  10,000  times  as  bright  as  its  companion.  Per- 
haps t)ie  companions  have  more  rapidly  run  through  their 
evolutions  as  great  luminous  suns,  and  are  now  approach- 
ing extinction. 

According  to  the  computations  of  Comstock  in  the  case  of 
85  Pegasi,  the  masses  are  respectively  4.3  and  7,0  times  that 
of  the  sun.  In  this  system  the  smaller  mass  is  100  times  as 
luminous  as  the  larger.  Moreover,  the  spectroscopic  method 
of  classifying  stars  according  to  their  age  and  state  of  devel- 
opment leads  to  the  conclusion  that  this  is  a  much  older  sys- 
tem than  that  of  Sirius,  iind  of  about  the  same  age  as  that  of 
Procyon.  Therefore  we  should  expect  to  find  the  smaller 
mass  approaching  the  dark  stage  instead  of  being  so  exceed- 
ingly brilliant.  However,  the  data  respecting  masses  are  yet 
rather  uncertain,  and  the  contradiction  with  what  has  been 
found  in  the  study  of  Sirius  and  Procyon  may  be  due  to 
errors  in  the  data. 

401.  Spectroscopic  Binary  Systems.  —  The  spectroscope 
has  contributed  lo  binary  star  astronomy  most  interesting 
and  important  results.  It  has  been  mentioned  in  several 
connections  that  ratliul  velocities  can  be  measured  by  the 
displiicenient  of  the  Mpectral  lines.  The  application  of  this 
principle  to  the  stars  was  begun  by  Sir  William  Huggins  in 
1868,  and  approximate  results  were  obtained  for  30  stars. 
But  it  is  only  since  1800  tliat  this  has  become  an  important 
part  of  observati'inal  astronomy. 

Su]iposc  the  spei-tnini  of  a  binary  system  whose  plane  of 
motion  passes  tiiroiigli  lliu  earth  is  photographed.  When 
one  star,  as  A,  Fig,  1W7,  is  receding  from  us,  the  other,  as  B. 
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I  appriKtctiiiifr.  Wo  may  suppose,  for  simplicity,  that  they 
0  equal  luid  tlmt  their  eent«r  of  mass  is  at  rest  with  respect 
The  lines  of  the  spectniiti  of  A  will  In-  sliiftod  toward 
B  red,  and  those  of  li  toward  tlitt  violet.  Jf  llit^  two  sUrs 
B  ihe  same  spectra,  all 
rtheline«will  be  appurv^ntly 
dciiible.  Afler  n  quarter 
of  a  rvrolution  when 
tbvy  are  at  A'  nnd  It' 
respectively  neither  star 
will  bo  approaching  or 
tiiceding.  and  their  lines 
trill  noincide  and  appear  single.  After  another  ([uarter  of 
a  revolution  B  will  \>e  rttveding  and  A  approovhing,  and 
the  lines  will  be  doublo  again. 

The  discovery  of   the  first   spectroscopic  binary  of   this 

ind  was  made  by  Miss  Maury  at  the  Ilarvanl  t)l>servatnry 

1889.     In  the  apparatus  used  lai^  prisnis  were  plnctM)  in 

front  of  the  objt^clive,  so  that  the  sjMctra  of  all  llm  stars  in 

tlw  field  were  obtained  at  one  lime.     iMixs  Maury  nvticvd 

in  certain  spcHttrogranis  of  .Mir-ar  ( Zt-ta  I'rsie  Muj(iri»),  which 

ere  taken  in  1887  and   1889,  tlmt  some  uf   the  lint's  were 

luble,  and  in  others  that  they  were  single.     An  oxamina- 

in  of    TO    plates  showed  that   all    the    lines  wetv  doubled 

iriodicoily  every  52  days,  and  it  was  inferred  from  thii*  tlint 

star  is  a  binary.    The  components  are  not  the  ones  which 

b«  aeeti  with  a  small  telescope.     Une  of  lliese  telescujiio 

ipunent«   is   the   binary,  and    its  two  lutrln  an  so  eloso 

pther  that  they  can  nut  be  seen  separately  with  the  most 

werful  instrument.      Many  other  stars  of  the  satno  cUas 

been  discovered. 

The  melluxl  which  has  just   been  dvAcribeil   fails   if   ibo 

letra  of  the  two  stars  are  not  nf  appn>xiniatvly  tlte  saroe 

IgbtnvMi.     Telescopic  doubltw  often  differ  gn^tly  in  actual 

isnnuns  and  light-giving  |HJW«r,  and  tlie  aauiv  things  an 
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to  be  expected  of  the  closer  pairs.  If  one  star  were  dark, 
the  lines  of  the  other  star  alone  would  be  seen,  and  they 
would  shift  one  way  and  then  the  other  from  their  mean  posi- 
tion as  the  radial  component  of  velocitf  changed.  In  order  to 
detect  these  ver}-  slight  shifts  in  the  spectral  lines  it  is  neces- 
sary to  use  a  slit  spectroscope  at  the  eye  end  of  the  telescope, 
and  a  comparison  spectrum.  That  is,  means  must  be  adopted 
to  determine  the  aljsolute  position  of  the  lines  at  any  time. 
The  first  binary  of  this  type  was  discovered  by  Vogel,  at 
Potsdam,  in  1889.  He  found  that  the  lines  of  Algol  shifted 
back  and  forth  with  a  period  the  same  as  that  of  its  vari- 
ability (2  da.  20  hr.  49  m.).  Tliis  confirmed  the  theory  long 
held  that  this  star  at  times  becomes  dim  because  it  is  par- 
tially ecliiwed,  for  the  shifting  of  the  lines  agreed  perfectly 
with  the  requirements  of  the  explanation. 

In  1898,  13  8i>ectroscopic  binaries  were  known,  but  the 
discoveries  have  proceeded  so  rapidly  in  recent  years  that 
140  pairs,  6  of  which  were  also  visual  binaries,  were  known 
at  the  beginning  of  1905.  In  the  catalogue  issued  by  Camp- 
l>ell  and  Curtis  it  is  stated  that  72  have  been  discovered  at 
the  Lick  Observatory  and  its  branch  in  South  America,  41 
at  the  Yerkes  Observatory,  8  at  the  Harvard  Observatory, 
7  at  the  Lowell  Observatory,  6  at  Pulkova,  4  at  Potsdam, 
2  at  Meudon,  and  1  at  Cambridge.  To  this  list  should  be 
added  6  visual  binaries  which  are  also  spectroscopic  binaries. 
Seven  pairs  were  discovered  independently  at  two  observa- 
tories. In  17  cases  the  spectra  of  both  components  were 
visible. 

402.  The  Orbits  of  Spectroscopic  Binaries.  — In  the  case  of 
a  visual  binary  all  the  elements  of  the  orbit  are  known  except 
its  absolute  size.  If  the  distance  were  known,  the  dimensions 
of  the  orbit  could  l>e  easily  computed;  but  as  we  have  seen 
the  stars  are  so  remote  that  only  very  seldom  can  their  paral- 
laxes be  directly  obtained.  If  the  relative  velocities  of  the 
stars  toward  us  are  measured  by  the  spectroscope,  it  is  an 
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CMJ  matter  to  And  the  eiize  of  an  orbit  whose  period  is  known, 
for  itK  circumference  <>(iualEi  the  product  of  the  relative 
^Telocity  and  the  period.  Since  the  appurcnt  separation  of 
lilbo  aUrs  has  been  observed,  their  wtual  distjincu  from  each 
loUiercan  lie  computed.  There  is  a  good  prospect  of  finding 
I  Ihr  p«mllftxea  of  many  stars  in  this  way  in  the  courae  of 
I  tunc.  This  l»  Agnin  a  ease  in  whicli  the  most  diverse  pro- 
s  unite  to  gt\e  ini]><)rt»iit  results.  In  all  of  these  cjuch 
l<1loth  the  p4.Tio<l8  and  the  (liiuen»iiin8  of  the  orbits  will  bo 
I  known,  frnm  winch  the  uombiiied  miisxes  of  the  stnni  can  be 
loiuputed. 

I^t  us  now  consider  the  ease  of  a  n  on -telescopic  binary  in 
irhifh  the  lines  of  both  stars  ai-o  observed.  The  relative 
ftdial  velocity  of  the  stars  is  determined  by  the  amount  of 
c  separation  of  the  lines.  If  the  plane  of  the  orbit  nf  the 
r  p«««ei*  through  the  earth,  Uie  maximum  ubserved  nuliu) 
wlocity  is  the  whole  relative  velocity.  If  the  plane  of  the 
B  inclined  to  the  line  joining  the  earth  to  the  star,  the 
i  component  is  only  u  fraction  of  the  whole  relative 
The  extreme  case  is  where  the  plane  of  the  orbit 
Ipniiwdicular  to  the  line  of  sight,  when  no  relative  radial 
pelocity  can  he  observed.  Now  the  spectroscope  does  not 
s  how  the  plane  of  the  orbit  lies,  (.'oniwquently  all  we 
1  My  is  that  the  actual  relative  velocity  is  at  least  as  great 
■  the  obnerveil  radial  velocity. 

Since  the  jivriods  of  this  class  of  stars  an*  always  konwiii 
fc  ia  possible  from  this  lower  limit  an  the  relative  velttclties 
»  ofimpute  a  hiwer  limit  for  the  size  of  tlie  orbit.  This  en- 
■  to  compute  a  lower  limit  for  the  sum  of  the  mame*. 
It  of  thew  cases  tlie  orbit*  are  probably  not  greatly 
1  to  the  line  joining  them  with  its;  hettce  tix*  rrsulls 
ml  in  this  way  will  be  nu  the  whole  fairly  approximate. 
>  know  that  the  stars  get  at  least  a  certain  distance 
,  ve  may  infer  that  they  must  be  at  leitat  a  certain  dis- 
I  from  tM  or  they  could  be  avcQ  M  teleaoopic  doublet. 
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In    this    case  tlie   computed  limit   may  not    be   even   ap- 
proximate, for    nny  distance   greater   than    tliis   limit  will 
satisfy  the  eonditions-      These  results  are  very  precions  be- 
they  may  be  obtained  however  far  the  stars  are  away 
BO  long   as  they  send  us   Ughl 
sufficient  for  spectroscopic  pur- 
poses.     This    means    tliat  with 
present      spectroscopic     eqiiip- 
tiiciit  they  must  not  be  fainter 
tli;tn  about   the   eighth   magni- 
Hide. 

The  latit  class  to  be  consid- 
•■TvA  is  that  where  the  spec- 
ii'iim  of  but  one  star  of  a  paiir 
can  be  oliserved.  The  varia- 
tion in  its  radial  velocity  gives 
a  lower  limit  (because  of  the 
uncertainty  in  the  inclination) 
to  the  dimensions  of  its  orbit 
nd  the  center  of  gravity  of 
the  two  stars.  The  darker  of  the  two  stars  is  presumably 
smaller  than  the  brighter  one,  and  if  so  its  orbit  aronud  the 
center  of  gravity  will  be  larger  than  that  of  the  brighter  com- 
ponent. Consequently  the  relative  orbit  of  the  pair  will 
generally  be  at  least  twice  as  great  as  the  orbit  of  the 
brighter  component.  Since  the  period  is  known,  a  lower 
limit  to  the  sum  of  the  masses  can  be  found. 

The  spectroscopic  binaries  are  surprisingly  numerous. 
Campbell  and  Curtin  found  that  of  the  stars  studied  with  the 
Mills  spectrograph  1  in  7  was  a  spectroscopic  binary,  while 
Frost  and  Adams  found  the  ratio  1  in  3  in  the  class  of  stars 
known  as  the  Orion  type.  These  results  are  very  significant, 
for  it  must  be  remembered  that  all  those  stars  whose  orbits 
are  anywhere  near  to  perpendicularity  with  the  line  of  sight 
escape  detection  ;  also,  nearly  all  of  those  whose  periods  a 
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Sagitlartl.    (FrosE  and 
The  central  strips  sni  Ibc  upce- 
tn  or  the  Rtar  wbone  dark  lines 
mre   shifted    djfferentlj    in 
iwo  pictures  with  re»pcci  v 
brifcht   uimiHtrioua  Uum   beslrle 
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nore  th«n  r  few  motitlis  luve  not  htt'a  founj  bec«iw»  vf 
!  limiUKl  number  of  drtcrmituii ioiiit  nt  ibT*  vrlncitiM  r4 
t  sUra  :  th<Mw  vboee  masses  lunl  iluunn-w  >[Nirt  nro  «ich 
t  llieir  Telooiues  are  low  have  escapetl  notion ;  nitd  finally 
I  wbone  periods  are  aboat  ooainetwtinitilc  with  a  ftajr 
r  not  hnve  slxxn-n  \-iiriable  velocities  in  llie  limitect  uum- 
[ber  nt  obHen-ationK  so  fitr  nuuli'.  Taken  in  conn«cti(in  with 
I  the  uuineroas  visual  binnrics,  ihcM  Ksults  atrongly  auggeal 
f  titat  Hj-fttenis  cif  two  or  more  stars  may  bu  the  ctHumon  type 
I  rvttier  itiaii  that  eseni|ilitied  by  tbe  aun  an<t  its  rvtinne  nf 
I  plnncU.  When  the  l^pUoian  ring  theory  waa  ituveloped 
I   our  system  wws  siip{MWHl  to  l>e  the  doiuiiuint  type. 

The  poriofls  of  K{»ectr(>scopio  hiiinrirs  so  fur  miige  between 
1.4o  days  and  3.3  years,  and  posMibly  loti^rr  in  some  casva 
where  the  determination  is  not  yet  comploti-.  Tlierw  is  now 
-  on  appreoiable  ^p  in  the  ]>erio<ls  Itotwecn  !i{K>vtm«copii>  and 
I  viMnal  binarieit,  uiiil  there  is  no  reason  for  supiKwint;  that  tliey 
Iftre  essentially  ilifT«rent  i-Ihssum  of  stairs.  Thu  eet'entriiritioa 
Imre  not  yet  welt  determined  for  many  orbits,  but  enouf^h  is 
Kknown  to  sliow  that  they  rsngo  from  about  the  eccentric- 
iity  nf  the  enrth's  orbit  to  something  like  U.U.  Thin  is 
ISn  HuWtAiiUal  ajfreemeDt  with  tlie  visunl  orbits.  The  lower 
■  limits  of  their  mean  distances  lie  between  11)0,000  miles  and 
|lOO.OOn.lM10  mih-s. 

I  403.  Interesting  Spectroscopic  Binarle*.  — .ViMr.  The  flmt 
l»|>ectms(;opic  binary  disoovered  Wiis  Miziir.  Vu^i'I's  later 
ft  work  KhoH'txl  thiit  it.t  |>eriii<l  Im  Hlmiit  '2*i.!i  days,  pnivinff  tn 
loonnactinn  with  iW  «iiu'  of  ilx  orbit  that  the  moss  of  thn 
Vsystfrn)  is  something  liki-  20  times  that  of  the  ann.  AwordlnK 
wto  the  parallax  found  br  KlinkerfnM,  which  it  is  Hkely  is  tna 
HnfKe,  the  pair  ratliMles  3>*  limes  as  much  llffht  as  the  sun. 
BTIiat  is.  thn  railiation  sn-mii  to  be  greater  in  propoilJon  to 
Bbe  mass  than  in  the  caw  of  tbe  sun. 

ft  i^ncM.  Vogel  found  Utat  llie  velocity  of  Splen  Taries  In  a 
neriixt  o(  4  days,  afaowinjc  a  radial  uolioa  of  uT  niitra  |irr 
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[     second  for  the  brighter  component.     If  the  ditrk  one  is  of    J 
equal  mass,  their  combined  mass  is  about  2.^1  times  that  of  the 
sun,  and  their  mean  distance  apart  is  something  like  6,000,000 

I  miles.  Since  it  has  been  impossible  to  And  any  parallax  for 
this  star,  it  must  be  excessively  brilliant  in  proportion  to  its 
mass. 

Oapella.  Tiie  parallax  of  this  star  has  been  measured 
with  the  utmost  care  by  Elkin.  It  is  at  a  distance  of  40 
light  years  from  us.  At  that  distance  our  sun  would  he  an 
insignificant  object  near  the  limits  of  observation  without 
optical  aid.  While  Capella  and  its  companion  emit  100 
times  as  much  radiant  energy  as  our  sua,  their  mass  is  only 
17  times  as  great.  The  spectra  of  both  stars  can  be  distin- 
guished, though  one  ia  much  fainter  than  the  other.  From  the 
absolute  shift  of  the  two  sets  of  lines  it  has  been  found  that 
the  two  masses  are  about  equal.  The  brighter  one  has  a  spec- 
trum almost  exactly  like  that  of  the  sun,  while  the  spectrum 
of  the  other  is  like  that  of  a  supposedly  earlier  type  of  star. 
The  stars  of  this  earlier  type  are  believed  to  be  ordinarily 
hotter  and  more  luminous  than  those  of  the  solar  type. 
Dyson  and  Lewis  believed  they  obtained  observational  evi- 
dence of  the  duplicity  of  the  star  with  the  28-incb  Greenwich 
equatorial,  although  it  appeared  perfectly  round  to  Hussey 
through  the  36-inch  Lick  telescope, 

Polarit.  This  star  has  two  darker  companions  discovered 
spectroscopic  ally  by  Campbell.  One  is  near  the  bright  star, 
the  two  going  around  their  center  of  gravity  in  a  little  less 
than  4  days,  while  the  third  is  more  distant  and  revolves  in  a 
period  of  several  years. 

404.  Origin  and  Evolution  of  Binary  Stars.  —  The  ideas 
of  a.stronomers  respecting  the  origin  and  evolution  of  stars 
have  been  unconsciously  influenced  to  a  great  extent  by  the 
Laplacian  nebular  hypothesis.  According  to  present  opin- 
ions, the  atftiB  have  condensed  from  more  or  less  widely  ex- 
tundeJ  iicbuks.     Thia  set'ivia  toos^.  T(i&4mYa.Vi\t  \u  the  light  of 
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oar  pivM<;nt  knowledge.  'Die  rotations  of  the  xtirn  ure  the 
rwult  of  the  rcliitive  niotioua  of  the  different  partM  o(  the 
nebulas,  for  tlie  inonienl  of  mum  en  turn  of  a  contractinjtC  masa 
rttBUuns  constunt.  Ah  the  bodies  contract  lUey  couUniially 
rntato  more  mid  aiore  mpidly.  When  lliey  rotute  very 
mpidly  titey  bruak  into  two  parts,  forming  a  cloM  binary 
ayvt«m. 

Wlieu  n  binary  syatem  haa  been  formed  in  the  maimer  in- 
dicated tlie  tidid  reactions  of  the  bodies  on  each  other  become 
!Mi[>ortHnt  factont  in  their  further  evolution.  IMrwiii'it  diit- 
ii-utiiin  of  the  effectti  of  tidal  evolution  pertained  to  the  m)lar 
>vHt«m  alone,  but  8e«  hiu  extended  tht*  tuime  ideas  to  the 
lary  stars  in  nttviupling  to  explain  tliu  jwculinrit ies  of 
'ir  orbits,  partioularly  thi-  high  eccentricities.  It  hiw  been 
wn  (Art.  351)  that  the  general  effects  of  the  tides  under 
the  conditions  which  would  prevail  would  be  to  lengthen 
both  the  common  period  of  revolution  and  the  periods  of 
rutAtion.  It  ran  also  be  showik  that  another  oonsequence 
of  tidal  interactions  under  the  luime  conditions  is  to  increase 
the  eciwnlricities  of  the  orbiu  if  they  liavo  any  origiiud 
eccentricity.  Sve  bclivve:«  that  tlie  high  average  ecoen- 
tricity  of  the  orbits  of  btiinry  systems  is  a  direct  evidence 
of  the  operation  of  tidal  forces. 

Acconling  to  the  theory  which  has  been  outlined,  the  older 
a  system  is  the  larger  it^  orbit  will  be.  Therefore,  on  the 
average  the  visual  binaries  should  he  older  systums  tlian 
the  Hjiectroaicopic  binaries.  Now  astronomers  have  a  theory 
(Art.  -411 )  of  the  n^lativv  ages  of  difTervnt  sUrs  based  on  the 
stndy  of  tlieir  spectra.  According  to  this  classitli-ation  some 
■peotriMcopic  binaries  are  old  stars,  and  some  telescopic  bi- 
aarim  are  still  in  the  earlier  stages  of  their  development. 
There  sevms  to  be  no  delinitc  indication  of  corrvsjiondeDee  in 
the  two  theories.  Their  failure  to  agree  must  act  »»  a  stimu* 
III*  for  new  resvarehea  in  botli  directions- 

Tbore  are  •erioui  diffioultiea  in  kict»u&Vvb%  Wx  S^  '<«\%>% 
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separRtioQ  of  luauy  of  the  binary  pairs  on  the  basis  of  iL'u 
theory.  In  the  whole  evolution  the  nioruent  of  momentonj 
I  i'onstant.  That  in,  the  present  orbital  momeDt  ff 
monieutnm  of  any  pair  and  their  rotational  moments  of  niu- 
nientuiu  together  must  ei^ual  the  rotational  moment  of  mooieti- 
tunk  of  the  system  at  the  time  it  separated  into  two  bodies. 
Consider  the  system  of  Slrius  and  its  companion.  If  Ukt 
formed  one  mass  20,000.000  miles  in  diameter,  iu 
average  density  «i~as  less  than  Yg'as  '^^^  ^^  water.  It  foUon 
from  the  present  orbital  momentum  of  the  s^'stem  alone  thai 
it  ran^t  then  have  rotated  on  its  axis  in  about  S.6  days.  On 
the  other  hand,  if  the  mass  divided  when  it  had  shrunk  to 
these  ilimensions,  the  two  components  must  have  revolved 
around  each  other,  acconUng  to  Kepler's  third  law,  at  this 
mean  distance  in  a  period  of  56  days.  This  shows  simply 
tlijit  til..-  i\iK-<-rv  ■>(  the  orifjid  of  biniwy  stars  which  has 
been  described  must  not  be 
hii^tLly  accepted.  It  can  not  be 
iloubtoil  that  tidal  interacticwB 
h:ive  important  effects  npon 
tile  evolution  of  binary  sys- 
t'lu^:  but  if  they  have  not 
.iriseii  from  the  divinoo  ofrftp- 
kU.v  rtjtatinc;  larger  laacses  the 
r'H.itiniis  of  tbeir  com|ionents 
rn.iv  be  in  any  directioo,  and 
L..iiseiiuently  their  tidal  evolo- 
tion  may  be  quit«  different 
from  that  which  has  comiaonly 
been  accepted. 

It  is  perhaps  sugj^estive  that  there  .in-  [ii.iuy  nebulas  which 
seem  to  have  bn^Len  in  parts,  and  whic'i  iinnrjr  to  be  capalJe 
ttf  dei>~elt>ptug  into  several  separate  star>  <  Vi-^.  189). 

405.  Variable  Stais.  —  .V  star  whose  brightness  cfaaogea  is 
said  to  be  a  variable.      The  drst  on«  known,  Onicraa  Ceti. 
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rereU  by  FabriciiiB  in  l."i9ti.  The  Vftrinbility  of 
■  discovered  by  (inodriuke  in  1783.  Tim  n«xt  y«»r 
Ite  recorded  the  vivriability  of  [totn  Lyrw.  Hut  \-nrinble  ctant 
vers  not  discovered  in  niiy  conHideruble  nuiut>RR)  until 
toward  the  cluiic  of  thu  nineteenth  century.  Now  uiore  thiui 
300  of  tb(!se  objects  are  known  in  addition  to  thi)M>  which 
have  lieen  fonnd  so  ahundaiitly  in  some  of  the  star  clusters. 
Sitmv  of  Utem  vary  [>eriiK)ically  with  jMsriods  ran^u^  from 
less  tluin  a  day  to  over  two  years.  Othtira  vary  irregularly 
without  any  apparent  rule  or  system.  Some  llaah  ont  bril- 
liantly for  a  short  time  anil  then  sink  lutck  into  |)ernianent 
ofaUvion.     It  is  pmvtically  ciTtain   that   the    bri);htnesM   of 
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every  star  varies  slowly,  but  there  is  no  obaervational  evi- 
dvn«fl  of  a  slow  secular  change  in  any  case  unless  it  be  ttiat 
of  Castor  or  I'ollux.  In  HJIO  Ilayer  recorded  that  Ciutlur  tn» 
at  least  as  bright  at  I'ollux.  while  it  is  now  ct<rL»inly  a  little 
fainter.  Variable  stars  are  clasHificnl  according  to  the  eh«r- 
acter  of  their  light  varintion. 

406.  KcUpdng  VariaUes.  —  If  the  plane  of  the  orbit  of  a 
binary  pair  pasHcs  very  nearly  through  Uie  earth,  the  stant 
will  more  or  less  completely  ecliiwe  enrh  other  every  time 
tltey  are  in  a  line  with  the  earth.  If  one  of  the  two  is  a 
dark  aUr  and  nearly  as  large  ni«  the  other,  it  is  clear  the 
lif^ht  rvNx'ived  from  the  jHtir  will  n-mnin  constant  except 
when  tJie  brighter  star  ia  eclipsed.  As  the  dark  star  bc^na 
'  I  oclipao  the  brighter,  the  light  will  diminish  rapidly  until 
I  tirae  of  gr«ato«t  olwuration,  aft«r  which  it  will  rapidljr 
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regain  its  aormal  value.  The  variation  in  light  is  repre- 
sented by  a  curve  (Kig.  190).  where  the  intervals  of  time 
are  marked  off  along  the  horizontal  line  t,  and  where  the 
amount  of  light  rvceived  ia  proportional  to  the  distance  of 
the  curve  above  this  line.  The  parts  marked  with  as  meas- 
ure the  light  wht'U  the  star  shines  undimmed  by  an  eclipse, 
the  fi'a  show  where  the  light  begins  to  wane  as  the  eclipse 
commences,  and  the  c's  give  the  brightness  at  the  time  of 
greatest  obscuration.  These  stars  evidently  must  be  spec- 
troscopic binarips  if  their  spectra  are  bright  enough  and  are 
displaced  enough  by  radial  motions  to  enable  them  to  Iw 
observed.  The  reason  that  not  all  spectroscopic  binaries  are  , 
eel titsing  variables  is  that  the  planes  of  their  motion  do  not 
pass  near  enough  the  earth.  | 

The  typical  eclipsing  variable  where  one  component  is 
dark  is  Algol  (Beta  Petsei).  Its  light  curve  is  essentially 
like  that  given  in  Fig.  190.  There  are  about  25  variables  of 
this  type  known,  and  they  are  usually  called  Algol  variables. 
They  are  all  characterized  by  tlie  shortness  of  their  periods, 
most  of  which  are  less  than  5  days.  Doubtless  the  explana- 
tion is  partly  that  when  they  are  far  apart  they  do  not  eclipse 
unless  the  plane  of  their  niotion  passes  very  exactly  through 
the  earth.  Kussell  has  shown  that  these  variables  are  of 
very  low  average  density,  which  is  a  remarkable  fact,  since 
one  of  each  pair  is  dark. 

The  period  of  Algol  is  2  da.  20  hr.  48  m.  55  sec.  It  is 
normally  a  star  of  the  second  magnitude,  but  at  the  time  of 
eclipse  it  loses  five-sixths  of  its  light.  Id  1889  Vogel  found 
that  it  was  a  spectroscopic  binary,  and  we  consequently  know 
much  about  it"*  orbit.  The  bright  star  is  a  little  more  than 
1,000,000  miles  from  the  center  of  gravity  of  the  system,  and 
has  a  diameter  slightly  exceeding  1,000,000  miles.  From  the 
diminution  of  light  at  the  minima,  Pickering  calculated  that  j 
the  diameter  of  the  dark  companion  ia  about  760.000  miles. 
Vogel  estimated  830,000  miles.    Yendell  found  that  the  incli- 


1  of  liie  orbit  to  the  line  of  sight  is  7' 
'.  L-qitiil  (lenxity,  tlie  bright  one  i»  »bout  twice  na  raaHHive  its 
la-  uthLT,  mill  tlicir  conibincil  \nivs»  ix  two-lhinli*  ihnt  of  our 
111.     From  tfao  (li^^tancu  assigni^d  to  it  by  C'hiuttf'a  nieiutures 
I  itfl  paralkx  (0.036"),  it  is  fouud  tlmt  it  radiutus  80  tiiiK-n 
!■>  much  light  ns  the  tiun,  and  that  its  surface  therefore  is  6S 
tiuiot  «s  bright  as  that  of  lli«  siui.     As  classitied  by  ita  s[i«c- 
trum  it  iaa  very  young  star,  while,  Biraugidy  indeeil,  its  com- 
panion   is  old  and  dark.     Slight   irn-gularitics  in  its  light 
curve  led  Chandler  to  suspect  iho  existenco  of  a  thirtl  dark 
fOMF  disturbing  the  motion  of  the  tirst  two,  while  Tisserand 
aupiHMtHl  the  irregularities  might  be  produced  by  the  e(iua> 
turial  bulges  of  the  start*. 

There  are  several  variatiomt  from  the  type  of  stAr  just  con* 
aid«r«d.  Onu  is  that  in  which  the  stars  are  of  unequul  size 
and  ImUi  bright.  Then  each  eclipses  the  other,  but  the 
amount  of  light  shut  olT  in  the  two  cases  is  different.  The 
light  curve  has  two  minima  of  different  depths  liclow  the 
noniial  brightiieits.  In  one  <^aeie  at  least  both  spectra  have  been 
recogtiieed.  OfXvn  there  are  irregularities  which  have  not 
yet  liven  explained.  Sometimes  the  periods  increase  for  a 
Dumber  of  years  and  then  decrease  again,  showing  pomibly 
the  presence  of  a  third  diiiturbing  body.  In  the  oaae  of  Y 
C'vgni  the  stars  seem  to  be  of  eijual  size  and  brightnew. 
The  eccentricity  of  their  relative  orbit  (0.145  aeiionling  to 
Dunt-r)  cjinses  the  minima  to  ocoiir  at  unequal  int^-n-als,  and 
ctinwqiiently  dixtinguishee  the  two  ovlipses  from  each  utiicr. 
The  fact  (lint  the  minima  are  equal  proves  the  equality  of 
size  and  bri;;litiii'sH  of  the  two  Htars. 

407.  Variable  Stars  of  the  Beta  Lyre  Type.  ~  There  is  an- 
other cliisa  tif  HtarH  clixtely  related  to  ibuM*  which  lw%'e  been 
roiiaideixil.  Their  light  varies  continauiisly,  instead  of  lieing 
constant  except  at  the  epochs  where  it  descends  for  a  short 
timo  to  the  minimum.  There  are.  beaidea.  two  minima,  one 
genenlly  much  more  pronounced  than  the  other,  white  their 
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maxima  are  equal.     The  standard  star  of  this  type  is  Beta 
Lyrse,  which  is  one  of  the  earliest  known  variables. 

The  explanation  of  these  variables  is  that  two  stars  eclipse 
each  other,  and  that  they  revolve  in  such  small  orbits  com- 
pared to  their  dimensions  that  the  intervals  in  which  neither 
obscures  the  other  are  very  short.  Beta  Lyrae  has  two  spectra 
which  change  greatly  with  the  period  of  the  star's  varia- 
bility, though  it  can  not  be  said  that  the  changes  in  the  spec- 
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Fig.  191.  —  Light  Curve  of  Beta  Lyrae  Variables. 


tra  agree  fully  with  the  eclipse  theory.  Myers  has  solved 
the  problem  of  satisfying  the  light  variations  by  the  eclipse 
theory.  He  finds  that  the  mean  distance  of  the  stars  from 
each  other  is  31,000,000  miles,  and  that  their  orbit  is  nearly 
circular,  having  an  eccentricity  of  only  0.018.  The  stars  are 
so  large  that  they  are  nearly  in  contact,  and  their  mutual 
tides  have  elongated  them  in  the  line  joining  their  centers. 
The  large  star  is  two-fifths  as  bright  as  the  smaller  one. 
Their  average  density  is  less  than  that  of  the  air  at  the  sea 
level.  It  is  suspected  that  the  period  of  Beta  Lyrse  is  slowly 
increasing,  as  it  should  under  the  influence  of  the  tidal  dis- 
turbances. 

Another  star  of  the  same  type  is  U  Pegasi,  which  has  the 

remarkably  short  period  of  9  hours.     In  this  case,  according 

to  Myers,  the  stars  are  probably  actually  in  contact.     These 

stars  seem  to  have  separated  recently,  and  are  to  some  extent 

confinnutory  of  the  theory  ol  \.\\^  ot\^\YL  ot  binary  systems. 
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V&rltbic  Stars  of  the  Omicron  Ceti  Type.  —  l')i(?  Htnn 
'■f  thia  typtt  ImVf  loii^  nnil  very  irregulur  porioils  nf  viirlu- 
'  ility.  Tbe  uxataple  best  known  is  Umicroii  CvtJ.  wbich 
ii!i  been  observeJ  througb  more  thau  300  of  its  cycles.  Vet 
It  lias  not  been  found  possible  to  formulate  any  law  dcacrib- 
inj;  it«  pbaaes.  Its  mnximn  and  minima  are  subject  to  aj* 
Krent  irregularities  as  its  periiKl,  and  tberu  is  no  discovemblo 
relation  among  tlicm.  In  1779  llerecliel  saw  tbv  star  when 
it  waa  nearly  as  briglit  as  Aldebiiran,  while  4  years  later 
it  waa  not  visible  even  through  his  telescope.  This  means 
that  at  maximum  it  van  at  least  10.000  times  as  bright  as  at 
minimum.  Ordinarily 
ita  maximum  \a  much 
beluw  that  obsc^rved 
by  llvreehc)  and  its 
minimum  consider- 
ably above.  Omicron 
Ceti  was  called  Mira, 
ihe  wonderful,  and 
SOO  yean*  of  ol>servAtions  have  only  added  to  the  mj'atvriM 
Bsaociated  with  its  jH'Culiar  Iiebavior. 

The  general  characteristics  of  the  light  curves  of  stars  of 
tbe  Omioron  Ceti  type  is  a  slow,  but  gradually  accelcnited, 
increase  in  brighlneas.  and  then  a  muoh  more  gradual  de- 
cline.    The  change  i»  continuous.     The  apectroaoope  shovs 
market!  ehnngcs  in  the  Bi>ectra  of  these  stars,  but  no  evidence 
iif   tJieir  being  sjicctroacopic  binaries.     They  are  generally 
red  and  seem  to  bo  far  advanced  in  the  proceas  of  ox^ing. 
^Jbt  catise  of  variation  seems  to  lie  within  the  stars  thvm* 
^^■ivoa,  yot  we  can  imagine  nn  internal  distiirbanoes  which 
^BdqUI  produce  tlic  remarkable  fluctuations  observed  in  many 
^Hijecta  of  this  class. 

409.    Irr^nlar  Variable*.  ~  In  uddilion   to   the  claaaes  of 
variublt-H  fnuinerati-'l.  i)ii'n<  are  itthers  whose  variations  have 
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flasbiDg  out  with  relatively  great  brilliaDce  after  intervals 
usually  counted  in  years.  Tber  are  generally  red  stats. 
Others  unaccountably  fade  away  now  and  then  and  some- 
times become  invisible  through  good  telescopes,  even  though 
tbey  bad  been  visible  with  the  unaided  eye.  These  stars  are 
sometimes  at  least  apparently  asM>ciated  with  faint  nebu- 
losities. 

410.  Temporary  Stars-  —  Occasionally  stars  hare  been  ob- 
served to  blaze  forth  with  great  brilliance  in  parts  of  the  sky 
{so  far  as  observed  always  in  the  Milky  Way)  where  none 
had  been  previously  seen,  and  then  to  sink  quickly  away 
into  obscurity.  They  are  characterized  by  a  sudden  rise  to 
one  great  maximum  which,  notwithstanding  later  possible 
fluctuutions,  is  never  repeated.  One  of  the  most  remarkable 
ones  of  which  we  have  any  records  shone  as  bright  as  Venus 
in  1572  in  the  constellation  Cassiopeia.  This  is  the  star 
which  attracted  the  attention  of  Tyeho  Brahe,  and  turned 
him  to  astronomy.  Kepler  also  was  stimulated  hy  his  dis- 
covery of  a  teuij>orary  star  in  1(>04  in  Ophiuchus.  At  its 
maximum  it  was  as  brilliant  as  Jupiter.  There  are  few 
which  have  attained  such  ma^itudes.  It  is  altogether 
probable  that,  until  recent  times,  most  of  those  whose 
maxima  were  les;*  marketl  entirely  escaped  notice.  To  the 
great  number  of  observers  now  attentively  watching  the  sky 
and  comparing  it  with  accurate  star  charts,  is  added  the 
powerful  assistance  of  photographic  processes.  Mrs.  Flem- 
ing has  discovered  more  temporary  stars  on  the  Harvard 
plates  in  10  years  than  were  found  by  all  observers  from 
Tycho  Bnihe  to  Herschel.  Of  the  11  stars  which  were  dis- 
covered in  the  nineteenth  century,  5  were  found  by  Mrs. 
Fleming.  I'nfortunately  tlie  photographic  records  are  read 
only  after  the  star  has  vanished. 

Temporary  stars  are  called  «.>»■..?,  or  new  stats.  The  first 
one  whose  spectrum  was  exainineil  in  any  detail  was  Nova 
.-lur/'TH'.  (liscnvered  by   Xn-iersovi  va  ^Wl.\ra.T^^\%92.     From 
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j  fxaminationa  of  iiholographs  of  this  region  of  the  slty  which 
L  hut  been  taken  previoiiHly,  it  was  inferred  that  it  wan  ut  iIm 
Lwxiiniim  hrightnesH  (magnitude  4.4)  on  December  '20.  1891. 
Bbi  Mareli  it  hegan  Ui  decline  rapidly.  nn<]  by  April  bud  sunk 
Hkt  lliu  twelfth  magnitiiile.  In  AiigtiHt  it  bhizcd  np  again  to 
'  the  ninth  magnitude,  and  then  gruduully  sank  away.  Tliia 
history  is  fairly  chiiracteristic  of  the  light  changes  of  t'Cmpo- 
rarv  stars. 

Tlie  spectrum  of  Nova  Anrigie  was  full  of  surprises.  It 
wiw  double,  consisting  of  a  set  of  bright  lines  and  one  of 
dkrk  line«.  The  first  tliought  was  that  the  two  sets  of  lines 
^eante  from  two  differttnt  stars.  Tiie  shifting  in  thu  position 
[  thv  bright  lines  showed,  on  the  basis  of  tlie  DoppIur-FizMtu 
iciple.  a  velocity  away  from  the  earth  of  over  200  milea 
ter  tiecond,  while  the  dark  lines  showed  in  the  same  way 
their  source  was  approaching  the  earth  at  the  n>t« 
r  more  thtui  DOO  miles  pt>r  second.  Then)  are  abnndnnt 
»  for  doubting  the  correctness  of  this  interpretation  of 
)  line  shifts,  but  no  satisfactory  explanation  is  at  hand. 
Iqually  puxzling  wus  the  radical  change  in  the  rharnctsr  of 
)  B|)ectniro.  As  the  star  Imcamo  fainter  the  dark  linos, 
irteristic  of  a  star  like  the  sun.  diiiap|>eared.  and  the 
ri|{ht  lines  became  like  those  of  nebular  spertra. 
A  remarkable  and  more  carefully  stndied  tenip<irary  stur 
discovered  by  Anderson,  Kebrnary  22,  IIM»1,  in  Per- 
On  the  23(1  it  was  brighter  than  the  st«r  Opellm 
while  the  photographs  of  Pickering  and  Stanley  Williams 
I  that  on  the  H^th  it  was  not  brighter  than  the  twelfth 
lilode.  In  this  short  interval  its  light  hail  inoreMc*! 
» than  20,000  times.  A  dny  later  it  had  loal  onc-lhin) 
r  tta  light.     The  changes  in   its  luminosity  arn  shown  in 

ng.  198. 

I  Tlie  apcctnini  elmnge*  of  Nova  Pcraei  «-ere  mneh  like 
I  n(  Nnvn  Aungir.  'T\w  star  s|>ei>tiily  chnngm)  tnun 
I  to  rod.  and  its  spectrum  ulliitiatel^'  boeuitfl  like  lltat 
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of  the  gaseous  nebulas.  But  the  most  interesting  thing  in 
connection  with  the  star  was  the  nebulous  matter  which  was 
later  found  around  it.  Its  existence  was  first  shown  on  photo- 
graphs by  Wolf  taken  August  22  and  23.  Later  photographs 
by  Perrine  and  Ritchey  showed  that  it  was  gradually  becom- 
ing visible  at  greater  distances  from  the  star.  It  looked  as 
though  the  star  had  ejected  nebulous  matter,  but  it  was 
found  on  computation  that,  if  this  were  the  correct  expla- 
nation, the  ejected  matter  must  have  been  leaving  the  star 
with  about  the  velocity  of  light.  The  theory  was  suggested 
by  Kapteyn  and  W.  E.  Wilson,  and  expounded  in  detail  by 
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Fio.  193.  —  Light  Curve  of  Nova  Persei. 


Seeliger,  that  the  nebulous  matter  was  lying  invisible  in  that 
part  of  space  before  the  appearance  of  the  star  ;  the  star  was 
an  invisible  dark  one  moving  with  high  velocity;  it  rushed 
through  the  nebula  and  its  surface  blazed  into  incandescence 
because  of  the  friction,  just  as  a  meteor  is  made  to  glow  when 
it  strikes  into  onr  atmosphere  ;  the  heating  was  superficial 
and  died  away  quickly  when  the  star  left  the  nebula,  to  be 
partially  revived  once  or  twice  as  it  encountered  stray  nebu- 
lous wisps  ;  and  more  and  more  of  the  previously  dark 
nebula  became  visible  as  it  was  lighted  up  by  the  brilliant 
rafs  of  the  star.    If  this  is  t\v^  U'u^  ^^\\^\vix\\Q>\^  qI  the  phe- 
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nmnvnnn.  it  vi»a  one  of  the  most  interesting  things  ever 
ulMwnoii.  The  star  and  nebuhi  are  so  far  from  us  tlint  aliuut 
four  months  were  required  for  li^ht  traveling  at  right  anglvs 
lo  the  line  of  sight  to  illuniiiiaU!  the  iiehuht  to  a  ilisUtneu  of 
3'.  an  arc  Imrely  appreciable  lu  the  nnuiilet]  ejo.  How  great 
•Ate  di«tunco  when  an  object  moving  with  the  vulo<.-it.v  of  light 
will  oot  cov<?r  theappurent  distance  between  the  conipouunl^ 
of  Ejiailon  Lyra;  for  uonthsl  The  actual  collision  and  bnrMt- 
ing  out  of  Nova  Persei  o<?ciirred  in  about  the  year  IfJOO,  and 
tiie  waves  of  light  from  that  far-off  source  reached  us  oidy 
'  t  lapse  of  300  yeai-s. 


411.   The  Spectra  of  the  Stars.  —  The  HiHH-tm  of  the  stura 

jiflUTer  a*>  greatly  m  tln-ir  r.ili>r«.    They  wt-ro  ulasniticid  first  by 

;vhi  in  1^68.    Mom  powerful  instnimenbi  have  shown  many 

r  facts,  and  have  led  to  a  number  of  ucw  and  more  ex- 

nded   systems    of   t^lassitication,  particularly  by  Huggins, 

jFogel.   and    Miaft   Maury.      The    funr   ty\»it   ile«crilivd   by 

>chi  still  form  a  general  luuiiH  for  cIoNtilication,  while  the 

idtficatinns  are  largely  addilions  of  Kub-eliMses.     The  work 

f  intricate,  and  we  shall  have  to  cuntoni  uuraelvm  with 

D  uutline  of  it, 

)  /.     Stars  of  this  type  nr«  blue  or  bluish  white,  as 

MmtIt  one-hftU  of  lUt  th«  aUira  an  invludfld 
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in  it.  Their  spectra  are  very  bright  toward  the  violet 
end,  presumably  indicating  very  high  temperatures.  They 
may  be  conveniently  divided  into  two  classes  :  (a)  those  in 
which  the  absorption  is  largely  due  to  helium,  while  the 
metallic  lines  so  abundant  in  the  sun's  spectrum  are  almost 
entirely  wanting ;  and  (i)  those  in  which  there  is  strong 
hydrogen  absorption. 

The  brighter  stars  in  Orion  and  the  Pleiades  are  excellent 
examples  of  class  (a).  They  are  often  associated  with  nebu- 
lous material,  and  they  are  supposed  to  be  in  their  earliest 
stages  after  having  condensed  from  nebulas.  But  the  recently 
discovered  fact  that  helium  is  one  of  the  products  of  disinte- 
gration of  radium  raises  a  question.  These  stars  are  often 
called  the  "  helium  stars."  They  show  a  strong  tendency  to 
be  relatively  most  numerous  in  the  Milky  Way,  and  all  those 
known  are  certainly  very  remote  from  us.  They  are  also 
very  brilliant.  The  star  Rigel,  which  is  a  good  example  of 
this  class,  is  inferred  from  its  proper  motion  to  be  distant 
from  us  more  than  330  light  years.  Its  great  brightness 
means  therefore  that  it  shines  with  8000  times  the  luster  of 
our  sun. 

The  stars  of  class  (6)  are  supposed  to  be  next  in  order  of 
evolution.  They  are  often  referred  to  as  "  Sirian  stars  "  be- 
cause Sirias  is  such  a  splendid  example  of  them.  They  show 
little  or  no  helium  absorption.  This  probably  means  that  its 
spectrum  has  been  suppressed  by  the  other  elements,  as  in  the 
case  of  the  sun,  rather  than  that  the  element  is  absent.  The 
absorption  in  the  atmospheres  of  the  Sirian  stars  is  slight, 
and  their  great  brilliancy  may  be  due  partlj'  to  this,  although 
they  are  usually  regarded  as  very  hot  stars. 

Ti/pe  IL  These  are  the  solar  stars.  They  are  somewhat 
yellowish,  and  their  spectra  are  characterized  by  numerous 
tine  metallic  lines.  The  hydrogen  lines  are  still  present,  and 
in  fact  the  gradations  are  such  that  there  is  no  sharp  line  of 
demarcation   between   the  hydrogen  and   solar  stars.     The 
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tndicatioiiH  are  tlmt  tlie  Bpcctra  show  iiri  evolulion  willt  a^ 
rather  tlian  (litTereiices  in  size  and  imuw,  ftir  tlirtHi  atani  vary 
in  (limeiisions  frnm  those  which  are  much  nmaller  than  the  nun 
nji  to  Cnri<>iJli!*  (ti  wliir  u{  I'lirlv  sulur  ly|"')-  wliicli  HeeinH  tn  bo 


tainly  200,000  times  as  gri-al  as  uur  Mun.     These  Ktars  aro 
Ls  niinieruuit  a»  ttio»«  of  Type  I. 

!  III.  Stars  of  this  type  are  red,  and  Antarea  and 
t«l|fi>tuiu  are  examples.  Only  about  .')00  of  tlieru  are 
)(any  of  them  are  variable.  Their  spectra  ahow 
WJ  absorption  bands  which  are  oharp  towani  the  violet. 


ri«i 


1  which  iiraHiially  diwtp|>ear  toward  the  red.      Mctallio 

lines  are  vinibl*.  b«t  the  fftUiw  of  the  ao-ealled  flittinga  ta  at 

pruHrnt  uiikmiwn.     Thi-  fixity  of  thn  known  red  »Unt  argues 

that  they  are  immi>nHely  rumote.     Hence  Hnch  bright  Nlata  ax 

l|J|iitar«(i  and  Iteti-lueuKe,  whune  light  in  no  largely  abtOTlml, 
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must  be  enormous  suns.  They  are  almost  eertainly  many 
tfaouBands  of  times  greater  than  our  sun.  We  do  not  know 
whether  their  spectra  depend  upon  the  stage  they  have 
reached  in  their  evolution  or  upon  their  constitutiou. 

Ti/pe  IV.  The  250  stars  of  this  type  are  all  faint  and  of 
a  deep  red  color.  Like  those  of  Type  III,  they  are  often 
variables.  They  have  heavy  dark  absorption  bands,  sharp 
on  the  red  side  and  indefinite  on  the  violet,  and  thus  in  a 
way  just  opposite  to  those  found  in  Type  III.  The  absorp- 
tion bands  are  probably  due  to  carbon,  and  the  stars  are  called 
"carbon  stars."  Their  faintness  precludes  their  study  ex- 
cept with  powerful  instruments,  such  as  were  employed  by 
Hale  and  Ellerraan  at  the  Yerkea  Observatory  in  their  exten- 
sive work  upon  these  objects.  Tliey  have  been  thought  to 
form  the  last  luminous  stage  in  the  evolutions  of  the  stars. 
The  fact  that  they  have  no  measurable  proper  motions  is 
indicative  of  their  great  distances,  and  therefore,  possibly,  of 
their  great  masses  and  luminosity.  They  show  a  preference 
for  the  Milky  Way,  though  they  are  not  confined  to  it. 

Additional  Type».  (1)  There  are  stars  with  fluted  spectra 
which  have  also  bright  lines.  That  is,  in  the  midst  of  gen- 
eral absorption  there  are  glowing  gases  brighter  than  the 
photospheres  of  the  stars  themselves.  Tiiese  stars  are  always 
variables,  and  this  fact  furnishes  a  convenient  method,  era- 
ployed  incidentally  at  the  Harvard  Colluge  Observatory,  of 
finding  variable  stars.  Omicron  Ceti  belongs  to  this  spec- 
tral type. 

(2)  Certain  helium  stars  show  bright  lines  in  addition  to 
their  dark  absorption  lines.  Curiously  the  dark  and  bright 
lines  belong  to  the  same  elements,  and  the  bright  lines  are 
those  which  occur  toward  the  violet  end  of  the  spectra. 
Alcyone  shows  some  of  these  bright  lines,  though  the  stars 
of  this  class  lie  mostly  in  the  Milky  Way. 

(3)  Wolf  and  Rayet,  at  the  Paris  Observatory,  discov- 
ered some  stars  o£  a  iieculiar  spectral  type  in  1867.     On  a 


TUB  STABS  AXD  XKlHrLAH 


.139 


:iirly  (.-oiilinuous  Spectrum  are  sui>eri>o8eil  iimiiy  lUrk  lines 
.i^<l  buiidis  Mome  few  being  due  to  helium  ami  liydrugen,  but 
i«st  of  them  to  unknonti  Kubstances,  luid  minfilud  witli 
tlium  iiru  muny  bright  lines.  The  mvtalliu  linctt  of  ibo  Holar 
spectrum  are  quite  uakartwu  in  these  stars.  Of  tJie  more 
tluin  lOU  M>  fur  dincuvered  lUl  are  8itUKt«d  in  tbe  Milky 
Way,  exvejit  some  which  are  in  the  MAgclhuiic  clouds  in  the 
southera  sky,  which  nre  essentially  like  the  Milky  Way. 
Theitc  sttini  uru  never  variables. 


412.  SpiralNebulas.—ll  has  been  remarked  (Ail.  3fi4)llmt 
the  spiral  nebulas  are  mor<:>  numerous  than  nil  hiIiii-  kiinlM'tiin- 
biiwd.  Acfordiujj  to  Keeler'K  estimate  ihi-n- .tt  I  ,ii  l.-,i*i  I  JO,. 
000  within  the  rencli  of 


B  reflecting  teleseoj: 
!ch  he  UNe<l.  In  all 
wliere  olwerva- 
tioDS  Imve  been  eompe- 
li-nt  t<i  settle  the 
i|Uefitioti.  they  liiive 
been  fnund  to  connist  of 
&  eentral  nucleus  and 
two  opposite  arms.  ( S»'e 
Kig».  fiaudlTl.)  They 
are  distinguishinl  by 
beinft  white  while  nil 
other  nebulas  have  a 
l>(rfpnisli  tinge.  Their 
■peetra  are  either  eon- 

r*'""nugL.  or  continuous 
pt  for  a  few  dark 
rplion  lines.  It  is 
thai   il..-y    ;.re  so 


fikiut   that   tltejr  luive   nut  yet   b«eii 


tyTRODL'CTION  TO  ASTROSOMY 


TiJC  STAHS  AND  HKBVLAS  641 

Ktudied  extensively,  but  dark  lines  were  found  l)y  Schoiner 
ia  the  spectrum  of  the  great  Andromeda  nebula.  Tlivirsiwc- 
tm  ludintu  Unit  \\wy  ure  perhnps  Ui-gely  in  a  KoUd  or  liquid 
aondition.  On  the  other  hand,  their  tran8i>areucy  indicates 
I  hull  tenuity.  Hence  tliey  seem  tu  be  perlnipit  vMt  8w«mi8 
e(  inoandetfcent  aolid  or  liquid  material  surrounded  by  friuteous 
iwltrint  The  dynamical  conditiomi  require  tliat  the  mo- 
tkMH  in  them  shall  Iw  at  »  lur^^  angle  to  the  arms  of  tlie 
•(ifaaL  nther  than  nlonf;  tliem.  An  hy[>uthe!tis  ax  to  their 
yrMiflllti  origin  was  Hug^-sted  in  Art.  3l>.^.  The  chief  ditG- 
nltf  U  to  explain  their  continued  luminosity,  l/oekyer 
attaBpted  to  account  for  the  light  of  all  QobuIaH  by  the  heat 
generated  in  the  collisions  of  the  meteorites  of  which  hv  sup- 
po«e«l  they  were  largely  coinpoae<l. 

The  Andromeda  nebula  is  the  greutcst  sptnd  which  we 
know.  It  is  tilted  to  the  line  of  sight  so  that  it  is  about 
1.5^  long  and  0.5'  wide.  Ita  distance  i«  unknown,  but  it  is 
improbable  that  its  panUlax  is  greater  than  10.0",  and  it  may 
bs  vary  much  Hnmller.  If  this  is  its  parallax,  ita  diameter 
nittt  be  more  thun  600,000  tiinex  the  distance  from  the  earth 
ta  Ifav  sun,  and  light  would  require  8  yenrs  to  travel  acruw 
ifc,  UnluM  it  is,  on  the  average,  of  an  unimaginable  tenuity, 
it  may  exercise  appreciable  attraction  on  bodies  as  remote 
bum  it  aa  the  sun.  Suppose,  for  example,  that  its  apparent 
dimooaions  were  only  as  great  as  those  of  the  sun,  and  assume 
for  umpltcity  that  it  is  spherical  like  the  sun.  Then  if 
Uwy  were  in  the  same  direction  as  veen  frtim  the  observer 
at  O  (Kig.  W^),  they  would  fill  tlie  same  [«rt  of  the  sky. 
Since  they  are  by  hypothesis  similar,  their  volumes  are  as 
thff  cul>e«  of  their  distances  from  0.  With  n  paralUx  of 
0.01"  this  ratio  is  (^O.OW.OUO)' to]>.  If  their densitiea  were 
•qual,  this  would  Ite  the  ratio  of  their  mnitMes.  Sinre  attrae* 
s  vary  inversely  as  the  sqiiarea  of  the  distanemv  the  nvhala 
I  tlie  lun,  if  equally  dense,  would  attract  0  in  tJie  ratio 
"0,000  to  1.     Even  if  the  nebula  is  n,in,6iv  ^  deuae 
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as  the  sun,  it  attracts  the  earth  as  much  as  the  sun  does.  Since 
no  nebula  has  yet  given  any  evidence  of  disturbing  the  mo- 
tions of  even  those  stars  nearest  to  them,  their  extreme  rarity 
may  be  inferred. 

The  spiral  nebulas  are  most  numerous  outside  of  the  Milky 
Way,  and  are  in  this  way  distinguished  from  clusters  and  dif- 
fuse nebulas.  They  seem  to  be  quite  unrelated  to  other  types 
of  nebulas  both  in  character  and  origin,  for  no  connecting  links 


Fio.  199. 

The  Yolames  of  nebalas  of  j^iven  apparent  diameter 
are  as  the  cubes  of  their  distances,  and,  if  their  densi- 
ties are  the  same,  their  attractions  are  directly  a9  their 
distances. 


have  so  far  been  discovered.  Knowledge  of  their  internal 
motions  is  as  yet  entirely  lacking.  It  is  worthy  of  note  that 
they  are  frequently,  if  not  generally,  closely  accompanied  by 
other  spirals. 

413.  Planetary  Nebulas.  —  Planetary  nebulas  are  small, 
round,  or  elliptical,  nearly  uniform  faint  objects  presenting  a 
disk  much  like  that  of  a  planet.  It  has  been  suggested  that 
they  are  oblate  bodies  made  thus  by  rapid  rotations.  Their 
spectra  contain  the  bright  lines  in  the  green  of  a  substance 
called  "  nebulium  "  because  it  is  not  found  except  in  nebulas. 
Planetary  nebulas  often  contain  brighter  nuclei,  as  though 
they  were  condensing  down  into  stars  at  their  centers.  Still 
smaller  and  somewhat  brighter  nebulas,  called  "  stellar  nebu- 
las," are  known.  They  perhaps  represent  the  last  stage  of 
planetary  nebulas  before  they  become  stars. 


THE  STARS  AND  IfSHULAS  Mi    i 

Ring  Nebulas.  —  dily  a  few  ring  nehuloji  are  kiiowii, 

lucb  the  one  iu  Lym  is  the  tieett  example.     (,See  Fig. 

It  hiu*  a  very  faint  star  (fiftBeiilh  majiriiiliidf)  near  it« 

whioli  Iiiis   l)t-<-n  Hiis|jet  U-d   of    l*eiiii;    viirinlil.-.      Tlitt 


mill  devolnjiment  nf  tlicw  objttet«  are  qaite  beyond 
Btii  rt*. 

Irregulai  Hebulu.  ^  Tlivrv  are  niAnr  nobtilu  of  ir- 

fforiu.  Tliu  Orion  nebula  i»  tbc  Unc-it  of  t1ie«e  wd 
^.JbMOtiful  object  in  the  benvens.  (Si>«  Fig.  2'i.)  It 
tWDOte  and  enormniiHly  large.  Iih  ilim«i)aii>n«  aru 
119  like  those  of  tbv  Aiidnini«da   nvbula,  and  per* 
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liaps  even  lurger.  Its  spectrum  contains  the  bright  lines  of 
nebnlium  and  hydrogen.  No  relative  motions  of  its  parts 
have  been  teleacopicnUy  observed,  but  Campbell  has  found 
spectroscopic  evidence  of  different  radial  velocities  in  dif- 
ferent parts.  If  nebulas  actually  condense  into  stars,  we 
have  here  the  material  for  hundreds  of  ordinary  suns  now 
in  a  very  early  stage  of  its  development.  The  whole  re- 
gion for  degrees  around  the  Orion  nebula  19  more  or  less 
covered  with  fiiiiit  nebulous  matter. 

There  are  nebulas  which  ap- 
|jear  to  have  been  broken  into 
pieces.  Of  tliia  type  is  the 
Trifid  Nebula  in  Sagittarius, 
(See  Fig.  189.)  If  they  have 
been  broken  up,  the  forcea 
wliich  have  done  it  are  uium- 
iiginably  great ;  if  not.  it  is 
strange  that  gravitation  does 
not  draw  the  parts  together. 

There  are   irregular   nebulas 
like   the   one  in  Cygnus  (Fig. 
Fro,;it>i.-iii]nib.hoiiNPb,i)a.  Pho- 2W).    (See  also  Fig.  7.)     Very 
i..^rapi..a..t,t^LickOb,t»,au.rv.   curiously  the   stars    are    much 
more    numerous   on   one    side   of   it   than  they  are  on  the 
other.     This  seems  to  be  a  young  nebula.     In  fact,  it  sug- 
gests the  idea  that  the  development  of  matter  from  something 
more  primitive,  perhaps  the  ether,  may  be  taking  place  all    , 
the  time.     At  the  other  extreme  of  the  evolution,  matter  may    ] 
be  disintegrating  by  radioactive  and  possibly  other  processes, 
and  going  back  into  a  more  elemental  state.     However,  this   1 
is  speculation. 
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Constellations,  table  of,  54. 
Constitution  of  sun,  410. 
Cooling  of  Sim,  391. 
Coordinates,  28. 
Copernican  Theory,  163. 
Cornea,  78. 
Corona,  412,  432. 
Corona  Borealis,  64. 
Corpuscles,  396.  399. 
Cygnus,  498. 

Darwin's  history  earth-moon  sys- 
tem, 449. 
Date,  change  of,  238. 
Day,  longest,  232. 

shortest,  232. 
Days,  astronomical,  238. 

civil,  238. 
Dearborn  Observatory,  69,  101. 
Declination,  30,  31. 
Deduction,  3,  4,  15,  19. 
Deferent,  163. 
Deimos,  325. 
Deneb,  51. 
Density,  of  moon,  257. 

of  planets,  299. 
Descriptive  astronomy,  5,  6. 
De  Vico's  comet,  373. 
Diffraction,  87. 
Dimensions  of  planets,  297. 
Direction  of  revolution  of  satellites, 

explanation  of,  478. 
Discovery,  of  Neptune,  350. 

of  Uranus,  350. 
Disintegration  of  comets,  369. 
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Dopplfr-Plmiu  priiici|ilf,  40S. 
DnuMr  «urs.  5M. 
Duinl>-bcll  nebula,  54-1. 

Eiulh,  interior  of.  133 
nvuIuUon  of.  1S8. 
rigldiljr  of.  IM. 

rotation  of.  144,   147.   14H.   149. 
ISt. 
|&trtfaqu»k«i.  134. 
f  Earth  Hhlnp.  249. 
Ekrth'i>  dL-nslty,  129.  131. 
Earth>  orbit,  rrrpnlricity  ii(.  173. 
mtatUin,  unifuruiity  of,  152. 
*hap»  of,  173. 
EMcntrlcity.  121. 
EcMtitririty  at  varth'a  orbit.  173. 
Ecn-ntrirltim  of  planRlAry  orbita, 
304,  456.  473. 

Iot  Mt^'llltn  nrbita,  481. 
BccMitric  maUon,  IS2. 
IcUpw  linilta,  lunar.  375. 
iwlar,  278. 
XettpHM,  conditiiMU  for.  773. 
duration  of,  274. 
lunar,  numbrr  in  year,  27S. 
nxramionof.  281. 
vtlar,  nunibf-i'  in  yiwr,  270. 
total,  283. 
uv»  nf,  284.  280. 
EdipninK  varlablM.  .127. 
Brli|ilJc,.1l.  32.  37. 
oliHuulty  "f .  IT3, 
Xtpctriral  rr|mli<li)n.  307. 
ElM-trun*.  399. 


El(^mImt«.  3. 
Elcmrnta  of  orbit,  ISt. 

variattona  of,  206. 
Elevoik-ypar  cycle,  436. 
ElUpNM,  2O0. 
Elongation,  189. 

of  moon,  348. 

plant ta,  {laltw  of.  301 
EDokfi'8  romct,  372, 
Energy,  aourec  of,  141, 

fniui  sun.  389, 

rwtlnt*^  by  mm,  390. 
Epicycit,  103, 
EfwUnn  Lyrw,  61.  494.  S35. 
Ec|uaLion  uf  limp.  233. 
E<|UBtor.  39.  30.  37,  39. 
&|UBtitrial  acn-lcralii>n  of  avn^  fll 
471, 

iiKiuniliii;,  III 
Equinoctial  mlurp,  30, 
Equinuxm.  181. 

rauMc  of  prM«aaloD  at,  17&. 

prrtTaBion  of,  01,  12),  174. 
Bros.  293,  300. 

variabUlty  o(.  310. 
Ethw.  87,  152.  399. 
Evcrtlon,  31t. 
EvolutloH,  10. 

daU  nf,  440. 

«f  planclB,  484. 

of  atilar  iiyxtcm,  4 
Eye.  78. 
Byrpicn-,  83,  91. 

rarulB.  416. 

periodicity  of,  437. 
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Fmrl'B  taw.  ISO 
Fotri.  121. 
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Galileo's  Dialogues,  165. 
Qegenschein,  312,  314. 
Gemini,  70. 

Geographical  system,  27. 
Geology,  19. 
Glacial  epoch,  140,  185. 
Gravitation,  8,  12,  15. 

discovery  of  law  of,  195. 

law  of,  198. 

value  of  law  of,  198. 
Gravity,  at  surface  of  planets,  300. 

surface,  223. 
Grouping  of  planets,  302. 
Groups  of  stars,  510. 
Gyroscope,  150. 

Halley's  comet,  371. 

Harvard  College   Observatory,    10, 

309. 
Harvest  moon,  247. 
Heat,  from  moon,  260. 

from  sun,  388. 

received  by  planets,  296. 
Helium,  426,  427. 
Hercules,  63,  64,  500,  512,  514. 
Horizon,  28,  29,  39. 
Hour  circles,  30. 
Hunter's  moon,  247. 
Hyades,  65,  510. 
Hyperbola,  200. 

Inclination,  of  orbit,  191. 

of  planetary  orbits,  304,  455. 
Induction,  3,  4,  19. 
Inner  satellite  of  Mars,  483. 
Irregular  nebulas,  543. 

variables,  531. 

Juno,  discovery  of,  306. 
Jupiter,  atmosphere  of,  340. 

belts  of,  341. 

markings  of,  340. 

physical  condition  of,  342. 

red  spot  of,  341. 

rotation  of,  340. 


Jupiter,  continued. 

satellite  system  of,  336. 
seasons  of,  343. 

Kepler's  harmonic  law,  365. 

laws,  167,  197. 
Kinetic  theory  of  gases,  135,  136. 

Lag  of  tides,  221. 

Laplacian  nebular  theory,  445,  453, 

454,  455,  459. 
Latitude,  28,  32,  37,  106,  127. 

geocentric,  127. 

geographical,  127. 

variation  of,  154. 
Laws  of  force,  205. 
Laws  of  motion.  145. 
Leap  year,  240. 
Leo,  64. 
Leonid  meteors,  378,  381. 

period  of,  381. 
Libration  of  Mercury,  323. 
Librations  of  moon,  253. 
Lick  Observatory,  8,  10,  16,  62,  70 
101,   103,  264,  297,  413,  434, 
469,  512,  520,  526,  539. 
Light,  absorption  of,  403. 

curve  of  Nova  Persei,  534. 

from  gas,  402. 

from  moon,  260. 

from  solid  or  liquid,  400. 

nature  of,  398, 

pressure,  367. 

production  of,  399. 

velocity  of,  171,  339. 

wave  lengths  of,  402. 
Longitude,  28,  32,  33. 
Lunar  craters,  264. 

mountains,  262. 

perturbations,  210. 
Lyra,  60,  498,  542. 
Lyrid  meteors,  379,  384. 

Magellanic  clouds,  539. 

Magnetic  storms,  periodicity  of,  437. 
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Ninth  satellite  of  Saturn,  460. 
Node,  ascending,  191. 

descending,  191. 
Nodes,  line  of,  191. 
North  pole,  30,  31,  37. 
Nova  Aurigse,  532,  533. 

Persei,  533,  535. 
Nutation,  176. 

Objectives,  89. 

Oblateness  of  earth,  117,  118,  120. 

Obliquity  of  ecliptic,  173. 

Observatory,  73. 

Omega  Centauri,  512,  514. 

Omicron  Ceti,  526,  531,  538. 

Opposition,  188. 

Oppositions  of  planets,  dates  of,  301. 

Orbits,  elements  of,  191. 

motion  in,  203. 

of  comets,  359. 

of  binary  stars,  515. 

of  meteors,  380. 

of  moon,  251. 

of  planetoids,  307,  456. 

of  planets,  eccentricities  of,  304. 

of  planets,  inclinations  of,  304. 

of  planets,  planes  of,  471. 
Origin  of  binary  stars,  524. 

comets,  364. 

meteorites,  384. 

planets,  470. 

satellites,  470. 

solar  system,  470. 

spiral  nebulas,  465. 
Orion,  67,  498,  510,  536. 
Orionid  meteors,  379. 
Orion  nebula,  67,  68,  102,  543,  544. 

Pallas,  discovery  of,  306. 

Parabola,  200. 

Parallax,  of  stars,  definition  of;  171. 

of  sun,  292. 
Paralla.xe8  of  stars,  498, 
Pegasus,  dl2t 


Pendulum,  118,  119. 
Penumbra,  of  shadow,  273. 

of  Sim  spots,  414. 
Perigee,  252. 
Perihelion,  definition  of,  173. 

longitude  of,  192. 

of  Mercury's  orbit,  213. 
Period,  of  Andromid  meteors,  381. 
•  of  Leonid  meteors,  381. 

sidereal,  186. 

synodic,  186. 
Periods  of  planets,>300. 
Periodicity  of  sun-spots,  419. 
Perseid  meteors,  379. 
Perseus,  65. 
Perturbations,  206. 

of  moon,  210. 

secular,  209. 
Phases,  of  Mercury  and  Venus,  317. 

of  moon,  247. 
Phobos,  325,  483. 
Photochronograph,  107. 
Photometry,  490. 
Photosphere,  410,  412. 
Physical  condition,  of  Jupiter,  342. 

of  Neptune,  353. 

of  Saturn,  349. 

of  Uranus,  353. 
Pisces,  60. 

Planes  of  planetary  orbits,  471. 
Planetary  nebulas,  542. 

orbits,  eccentricities  of,  472. 
Planetesimal  hypothesis,  463,  464. 
Planetoid,  Eros,  309. 
Planetoids,  305. 

albedoes  of,  308. 

designation  of,  306. 

diameters  of,  308. 

masses  and  dimensions  of,  307. 

orbits  of,  307,  456. 

uses  of,  311. 
Planets,  15. 

apparent  motions  of,  158. 

dates  of  elongation  of,  301. 
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Scintillation,  86,  141. 
Scorpio,  63,  498. 
Seasons,  cause  of,  177. 

lag  of,  181. 

length  of,  182. 

of  Jupiter,  343. 

of  Mercury,  322. 

of  Saturn,  350. 

of  Venus,  325. 
Secular  acceleration  of  moon,  212. 
Shape  of  earth,  114,  122. 
Sidereal  period,  of  moon,  244. 

of  time,  105,  229. 
Siderites,  382. 

Similarities  among  planets,  303. 
Sirius,  47,48,51,  69,  305,  501,  505, 
509,  517,  518,  526,  535. 

spectrum  of,  537. 
Size,  of  earth,  126. 

of  moon,  254. 
Solar  days,  230. 

length  of,  232. 
Solar  energy,  389. 

Observatory,  103. 

spectrum,  422. 
Solar  system,  age  of,  485. 

future  of,  486. 

stability  of,  214. 

time,  229. 
Solstices,  179. 
Southern  Cross,  498. 
Spectra  of  stars,  535. 
Spcctrohcliogram,  431. 
Spectrohcliograph,  429. 
Spcctro.scope,  151,  172,  404,  405. 
Spectroscopic  binaries,  518. 

orbits  of,  520. 
Spectrum,  76. 

analysis,  397. 

analysis,  principles  of,  406,  408. 
Spheroid,  oblate,  122. 

prolate,  122. 
Spheroids,  121. 
Spica,  51,  60,  523. 


Spiral  nebula  hypothesis,  463. 

nebulas,  origin  of,  466. 
Stability  of  solar  system,  214. 
Standard  time,  234. 
Star  clusters,  512. 
Stars,  489. 

distance  of,  504. 

distribution  of,  491. 

double,  514. 

groups,  510. 

motions  of,  507. 

number  of,  491. 

parallaxes  of,  498. 

proper  motions  of,  494. 

spectra  of,  535. 

temporary,  532. 
Stefan's  law,  335,  391. 
Sun,  15. 

apparent  motion  of,  157. 

constitution  of,  410. 

light  and  heat  of,  387. 

mass  of,  299. 

motion  of,  500. 

past  and  future  of,  395. 

problems  of,  387. 

rate  of  cooling  of,  391. 

rotation  of,  416,  471. 

temperature  of,  390. 
Sunlight     in     different     latituc 

180. 
Sun's  heat,  combustion  theory  < 
392. 

contraction  theory  of,  393. 

meteoric  theory  of,  393. 
Sun-spots,  414. 

distribution   and   periodicity 
419,  437. 
Surface  gravity,  223. 

of  moon,  257. 

of  planets,  300. 

of  sun,  300. 
Surface  of  moon,  262. 
S>Tiodic  period  of  moon,  244. 
Syzygy,  248. 
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Tails  of  comets,  theories  of,  366. 
Taurus,  65,  408. 
Tcbbutt'M  comet,  373. 
Tele«^pes,  size  of,  9S, 
Temperature,  of  Mars,  335. 

of  moon,  261. 

of  sun,  300. 
Temporary  stars,  532. 
Terminator  of  moon,  248. 
Theoretical  astronomy,  5,  11. 
Theory  of  evolution,  value  of,  441. 
Tidal  evolution,  448. 

evidences  of,  451. 
Tide-raising  acceleration,  217. 
Tides,  134,  152,  217. 

lag  of,  221. 

neap,  220. 

of  m(Kin  and  sun,  219. 

spring,  220. 
Time,  '226. 

distribution  of,  236. 

e<{ual  intervals  of,  227. 

equation  of,  233. 

mean  .^(ilar,  232. 

measure  of,  228. 

sidi^real,  229. 

solar,  229. 

standard,  234. 

standiird  diviKions.  235,  236. 
Torsicm  balun(^>,  130. 
Total  e<'li|x««>».  2S3. 
Transit  instrunu*nt,  104. 
Tran.Mt**  of  .M<'rcur>'  and  Venus,  318. 
Triangulation,  124. 
Trifid  Nebula,  526.  544. 
Tuttle's  comet,  381. 
Twilight,  138. 
Twinkling  t)f  stars,  141. 

Umbra,  of  shadow,  273. 

of  sun-spot,  414. 
Uranus,  13. 

atmosphere  of.  352. 

discovery  of.  350. 

pliysical  condition  of,  353. 


Uranus,  continued, 

rotation  of,  352. 

satellites  of,  351. 
Urea  Major,  56,  58. 

Minor,  56. 

Variability  of  Eros,  310. 
Variable  stars,  10,  526. 

eclipsing,  527. 

irregular,  531. 

of  Beta  LyrK  type,  529. 

of  Omicron  Ceti  type,  531. 
Variation,  the,  210. 

of  latitude,  154. 

of  sun's  radiation,  389. 
Vega.  47,  51,  55,  60,  175,  419,501, 

502,  505,  535. 
Veil,  dusky,  414. 
Velocity,  of  light,  171,339. 

of  mct<»ors,  380. 
VenuH,  317. 

atmosphere  of,  320. 

markings  of,  323. 

mountains  on,  324. 

rotation  of,  324. 
Vernal  (H|uinox,  32,  37. 
Vertical  circhv,  29. 
Vesta,  discovery  uf,  306. 
Virgo,  <H). 

Wandering  pt)lc  of  earth.  155. 
Wave  length  t»f  light.  402. 

Xi  B<ii)tis.  ori)it  of,  516. 

V€»ar,  anomalistic,  239. 
U^p,  240. 
sidereal,  239. 
tnipical.  239. 
Yerk«»  Obsenatory,  18, 68,  75.  101, 
265,  266,  267,  270,  411.  41.5, 
428,  431,  435,  465,  499,  520, 
538,  540,  543. 

Zenith,  38,  29,  36.  39. 
Zodiacal  light,  312,  484. 


j 


Plane  and  Solid  Geometry 

B7  ARTHOB  SCHDLTZE.  Pb.D. 

F.  L.  SSTEHOAK.  A.M..  M.D. 

Hilf  Uitha  I2mo  Sl.lO  act 

[  GEOMETRY    (Sq»r4ltly)       12mo       Oalh       80 


irortheaim  orUiii book.    The avcraKe itudeat, 

e  in  geometry  very  liltle  eiceinl  kDO*leil[^  at 

K  (H  le»  pfrmtnriit  kccar<l<n|{  ix  ih*  r«tcntl*e- 

The  acqiiiiilion  iif  power  in  >ulttn|[  goimrlri- 

»iin  of  ihe  teaching  of  geometry.    To  tecojjniie 

a  Kreat  Mcp  In  a<lt(Dce,  and  I  hope  the  procol  volume  will  roniribuie 

'  ti>  ihb  cnil.    llir  '  Sujrgntiom  in  Teachm'  are  eicelteni."  —  Pao 

I  [%KCV  1.  SwiTll,  Sii^id  StUiriJu  Sdi»»i  0/  Yiilt  t'nitiritly,  Xrw 

■■  Schullic  and  SeTenoak'aOcomcIrr  haabeen  Id  u*e  In  Ihe  De  Will  Clinian 

h  Sch'»l  during  ihe  {>aat  yrat  with  ihr  RuhI  gnlifylnx  n-nllt.     WUh  Hu 

T  tcil  hare  we  been  able  tu  Kcute  luch  iiriginalhy  bi  ileniiinMnitkni  M 

nunifMlnl  liy  ihe   din  uiing  thii   book.     MeniotT  irork  wat  neier 

inplcl  br  brginneta.  and  ibe  hiioh  Worked  equally  ncll  in  claiaH  lh*t  haJ 

r^loMly  had  a  part  nf  ibe  inbtei:!.     Mure  and  lieller  wnik  can  be  aeum- 

'  'neil  In  a  definite  lisK.  thr>iu|[h  the  uac  of  L)r.  Schnltje'i  nMrth"da  ■■  Ml 

ll  in  thb  bonk,  than  in  any  othtr  bbt.    The  book  iiUpli  itielf  mdily  to 

m  yae  iif  large  or  imall  daw^  «  to  the  |Hi<ate  uw  of  ihc  iBiiiii-lual. 

"AD  Gecnnetria  ortlered  fur  uae  Ihl*  fall  mett  SchuUte  and  ■«mw«h'*. 

la  vilboul  (lUiMtoB  Ihe  bnl  (Inxnclrr  |iubllthcil.      ll  I*  a  trathabi*  InDk. 

._r<]uc*llon  i>f  Ihe  '  ruyal  road'  to  (leutnetrf  ha>  been  ■olte'l,     I  anqliaU- 

vfcdtii  lecommtiiil  itt  oie  in  high  or  prtvale  lehimli."  —  H.  B.  raMiioLUiw, 

\  D*  Win  r/iHtal  //ig*  &*ool.  AV«  Yfri  Off. 

"  The  cicclleni  arrangenml,  Ihe  carcfal  <lra*ing  t/  fipirr^  ihr  *iBi(4'K4lr 
■]  dirrctnoa  of  the  tfcmunMratiun^  a>  well  as  the  chince  and  jimgrnatirv 
y  of  the  '  DriginaK'  make  up  a  nua  icacliaMe  lui.'  —  Ki.  W.  KKKMtnv, 
r*«/,  Tray.  X.  Y. 

ic  plan  «r  Ihe  book  la  luM  vbal  t  hare  been  natag  kn  aoin*  tin*,  uul  ll 
»d*  Itactf  to  OK."  —  J.  P.  CuKOt-M.  A.  AmTi  Srkart,  VtmwrJ.  A'Jf. 
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HALL  AND  KNIGHT'S 

Algebra  for  Colleges  and  Schools 

Revised  for  American  Schoob  and  Colleges  by 
FRANK  L.  SEVENOAK,  A.M.,  M.D. 

S2fno  Half  Leather  HM  net 


ELEMENTS   OF   ALGEBRA 

The  "  Elements  of  Algebra  **  contains  the  first  366  pages  of  the  "  Algebra 

for  Colleges  and  Schools." 

S2fno  Half  Leatiief  90  centi  net 


"  I  prefer  it  to  any  other  elementary  work  on  the  market,  Geamess  ot 
demonstration  and  the  great  educational  value  of  its  methods  are  the  attrac- 
tive features."  —  Professor  E.  W.  Nichols,  Virginia  Military  InsHiuU^ 
Lexington y  Va. 

"  I  should  like  to  express  my  satisfaction  that  there  is  at  least  one  good 
elementary  algebra   suited   for   preparation   to   college."  —  Miss  Grace   B 
ToWNSEND,  Wellesley  Hills^  Mass. 

"  I  take  pleasure  in  stating  that  for  several  years  I  taught  algebra  in  a  pri- 
vate institution,  using,  as  a  text,  Hall  and  Knight's  '  Algebra  for  Colleges  and 
Schools,'  for  college  preparation.  Since  teaching  in  the  public  schools  of 
New  York  City,  I  have  taught  both  beginning  and  advanced  classes,  using 
this  same  text.  I  have  been  impressed  at  all  times  with  the  admirable  grad- 
ing of  the  work  and  the  natural  order  of  exercises,  and  consider  it  a  book  that 
can  be  used  throughout  the  ordinary  four-year  high  school  course.  The  book 
contains  many  points  which  are  unique,  and  I  have  no  hesitation  in  stating 
that,  from  results  obtained,  I  consider  it  the  best  working  text-book  on  this 
subject  I  have  seen."  —  Dr.  Arthur  Schultze,  ^igf^  School  of  Commerce^ 
New  York  City, 
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FISHER  AND  SCHWATTS 

Series  of  Text-books  on  Mathematics 


SodimentB  of  Algebra ...  9  .60 
Secondnry  Algebra  ....  i  .08 
Complete  Secondary  Algebra  t.35 
Qnadratici  and  Beyond   .   .       .90 


School  Algebia tt.oo 

Klementa  of  Algebra    ...     i.to 

Higher  Algebra 1.50 

Text-book  of  Algebra,  Part  I     1 .40 


The  Fifther  and  Schwatt  algebras  have  achieved  a  marked  lucceta  in  the 
shurt  time  that  they  have  Infen  before  the  public.  The  ^  Higher  AlKebrm**  it 
used  as  a  regular  text-lMKtk  at  Harvard  University*  and  the  elementary  books 
are  cstablisheil  in  secondar}*  sch<K>ls  of  corresp<inding  rank. 

llic^e  text-lKM>ks  may  l>e  res<dved  ivito  two  scries,  the  metre  popalar  of 
whii.h  consists  of  the  **  Rudiments"  (for  grammar  schools)  and  the  **  Second- 
ary **  (for  high  schi>ols).  The  ** Complete  Secondar)' '*  incladcs  the  material 
of  the  **  Secondary  *'  and  also  chapten  on  Continued  Fractions,  Summation  of 
Series  the  Exponential  and  lA)garithmic  Series,  Determinants,  and  Theory 
of  l-^|uations.  Thus  while  the  **  Secondare- "  covers  the  re<|uirements  for 
admiseiion  to  colleges  the  ''Complete  Secon<lary  **  coven  the  retjuirements  for 
adiiii^^iiin  to  any  scientific  school,  and  is  also  sufficiently  full  Utr  the  ordinary 
work  of  the  first  year  in  college.  "Quadratics  and  lieyond"  ct»nsists  of  the 
second  half  of  the  "Complete  Seconilar^',*"  Umml  se|tarately  for  the  convcn* 
ience  of  advanced  and  reviewing  classes  in  secondary  Khouls  and  for  college 
freshman  work. 

1lie  second  series  constitutes  a  more  difficult  course  ami  places  more  em* 
phasis  on  the  thei>r>'  of  mathematics.  In  this  series  the  **Scho(»l  Algebra** 
corrcs|H>nds  n>ughly  to  the  "Secondary,"  and  the  **  F.lements*'  to  the  "Com- 
plete Secon<lary.** 

The  "Higher  Algebra'*  is  a  book  for  college  courses.  The  "Text-book 
of  Algebra  "  is  a  high  Khool  liook  containing  an  unusually  large  number  of 
graded  exercises;  it  is  a  valuable  mine  of  pridtlems  bearing  on  the  regular 
high  school  work. 
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A  First  Book  of  Algebra 

By  JOHN  W.  HOPKHf  S 

Superintendent  of  the  Galveston  Ptibiic  Schools 

AND 

P.  H.  UNDERWOOD 

Teacher  of  Mathematics,  Ball  High  School,  Gaheston,  Texas 

Authors  of  "  Mental  Arithmetic,"  "  Primary  Arithmetic,"  and  "  Elements  of 

Arithmetic  in  Theory  and  Practice" 

Cloth  lamo  50  cents  net 


"  I  have  very  carefully  examined  Hopkins  and  Underwood's  *  First  Book 
of  Algebra,'  and  I  find  it  just  the  work  needed  to  fill  the  gap  or  to  remove 
the  stumbling  block  between  the  complete  operations  of  arithmetic  and  the 
difHculties  to  the  young  beginner  in  algebra.  The  plates  setting  forth  diagram 
method  are  clear,  novel,  and  will  be  of  much  aid  to  the  pupil  in  mastering 
the  various  subjects."  —  L.  F.  Coleman,  Principal  of  High  School,  Lebanon, 
Ohio, 


Thousand  Examples  in  Algebra 

Eight  Thousand  Exercises  and  Problems  Carefully  Graded  from  the 

Easiest  to  the  Most  Difficult 

By  CHARLES  M.  CLAY 

Head  Master  of  Roxbury  High  School,  Boston,  Mass. 

Cloth  z2mo  90  cents  net 
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